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5659  Structure  and  magnetic  properties  of  mechanically  alloyed  SmFej 


L  Sandlund,  M.  Fahlander,  T. 
Cedell,  A.  E.  Clark,  J.  B.  Restorff, 
M.  Wun-Fogle 

Clive  D.  Milham 


(Continued) 


5662  High  pulsed  field  r  agnetostriction  in  /?Mn2  '(f?=Gd,  Tb,  Nd,  and  Y) 

5665  An  ultrasonic  study  of  the  Neel  transition  in  dilute  Cr-AI  alloy  single 
crystals 

5667  Magnetostriction  of  polycrystalline  Co-Pd  alloys 

5670  Hysteretic  and  other  relationships  between  technical  magnetostriction  and 
magnetization 

5673  Micromagnetic  model  for  the  influence  of  biaxial  stress  on  hysteretic 
magnetic  properties 

5676  Modeling  the  effects  of  stress  on  magnetization  in  ferromagnetic  materials 
(abstract) 

Hysteresis  and  MIcromagnetIcs 

5677  Interpretation  of  hysteresis  curves  and  Henkel  plots  by  the  Preisach 
model  (invited) 

5683  Experimental  testing  of  applicability  of  the  Preisach  hysteresis  model  to 
superconductors 

5686  2D  vector  Preisach  models  and  rotational  hysteretic  losses 

5689  Demagnetized-state  dependence  of  Henkel  plots.  I.  The  Preisach  model 

5692  Demagnetized-state  dependence  of  Henkel  plots.  II.  Domain  wall  motion 

5695  Model  calculations  of  rotational  hysteresis  for  ferromagnetic  particles  with 
competing  anisotropies 

5698  A  hysteresis  model  with  interactions 

5701  Simulation  of  magnetization  reversal  In  two-phase  exchange  coupled 
nanocrystalline  materials 

5704  Activation  volume  of  a  pair  of  magnetostaticalty  coupled  particles 

5707  Parameter  template  in  local  magnetic  measurements 

5710  3-D  micromagnetic  modeling  of  domain  configurations  in  soft  magnetic 
materials 

5713  Magnetization  in  current  carrving  iron  whiskers  (abstract) 

Magnetic  Semiconductor 

5714  Spin-dependent  confinement  in  DMS-based  heterostructures  (invited) 

5719  Optical  transitions  in  (ZnCo)Se  and  (ZnFe)Se:  Role  of  an  effective  p-d 
exchange  iinvited) 

5725  Coexistence  of  Brillouin  and  Van  VIeck  spin  exchange  in 
Znt-xMnxSe/Znf-yPeySe  spin  superiattice  structures 

5728  Magnetic  study  of  the  diluted  magnetic  semiconductor  Sn^  -xMo^Te 


5731  Magnetic  behavior  of  (Cuin),  .xMnaxTea 

5734  Relaxation  of  magnetization  in  Cdi  -xMnxTe  diluted  magnetic 
semiconductors  under  illumination 

5737  Theory  of  magnetization  in  IV-VI  based  diluted  magnetic  semiconductors 


M.  R.  Ibarra,  C.  Marquina,  L. 
Garcia-Orza,  Z.  Arnold,  A.  del 
Moral 

H.  L  Alberts 


S.  U.  Jen,  B.  L.  Chao 
I.  J.  Garshelis 


M.  J.  Sablik,  L  A.  Riley,  G.  L. 
Burkhardt,  H.  Kwun,  P.  Y.  Cannell, 
K.  T.  Watts,  R.  A.  Langman 

D.  C.  Jiles 


V.  Basso,  M.  Lo  Bue,  G.  Bertotti 


G.  Friedman,  L  Liu,  J.  S.  Kouvel 


I.  D.  Mayergoyz 

Ferenc  Vajda,  Edward  Della  Torre, 
R.  D.  McMichael 

R.  D.  McMichael,  Ferenc  Vajda, 
Edward  Della  Torre 

Y.  Yoshida,  T.  L.  Templeton,  A.  S. 
Arrott 

J.  Planes 

E.  H.  Feutrill,  P.  G.  McCormick,  R. 
Street 

A.  Lyberatos 

R.  Kaczmarek,  M.  Dautain,  S. 
Defoug 

Zhenzhou  Guo,  Edward  Della  Torre 


A.  S.  Arrott,  J.-G.  Lee 


A.  Petrou,  L.  P.  Fu,  W.  Yu.  S.  T. 
Lee,  B.  T.  Jonker,  J.  Warnock 

Chee-leung  Mak,  J.  Bak,  R. 
Sooryakumar,  M.  M.  Steiner,  B.  T. 
Jonker 

B.  T.  Jonker,  H.  Abad,  L.  P.  Fu, 

W.  Y.  Yu,  A.  Petrou,  J.  Warnock 

P.  J.  T.  Eggenkamp.  C.  W.  H.  M. 
Vennix,  T.  Story,  H.  J.  M.  Swagten, 

C.  H.  W.  Swuste,  W.  J.  M.  de 
Jonge 

P.  M.  Shand,  P.  A.  Polstra,  I. 
Miotkowski,  B.  C.  Crooker 

M.  Smith,  A.  Dissanayake,  H.  X. 
Jiang,  L.  X.  Li 

R.  L.  Hota,  G.  S.  Tripathi,  P.  K. 
Misra 


(Continued) 


5740  Effects  of  oxygen  vacancies  on  magnetic  properties  of  Ca-substituted 
yttrium  iron  garnet  (abstract) 

Magnetic  Recording:  Frequency,  Spatiai,  and  Triboiogicai  Effects 

5741  Triboiogicai  studies  of  silicon  for  magnetic  recording  applications  (invited) 

5747  Ma^ematical  modeling  of  lubrication  for  the  head-disk  interface  using 
incompressible  fluids 

5750  Wear  and  stiction  regimes  of  thin-film  magnetic  disks 

5753  liecording  medium  properties  and  capacity  bounds 

5756  Direct  imaging  of  track  edge  fringing  fields  on  recorded  media 

5759  Computation  of  magnetic  fields  from  recording  surfaces  with  multiple 
tracks 

5762  Micromagnetic  modeling  and  experimental  study  of  transition  noise 
correlation  in  thin-film  media 

5765  Noise  correlations  in  dibit  recording 

5768  Magnetic  viscosity  in  high-density  recording 

5771  Friction  and  wear  of  ultrahigh-density  magnetic  tapes 

5774  Analysis  of  write  and  read  spacing  loss  for  perpendicular  recording 
(abstract) 

5775  Experimental  Preisach  analysis  of  the  Wohifarth  relation  (abstract) 

Soft  Magnetic  Mata riala  and  Applications  I 

5776  Magnetic  fine  structure  of  domain  walls  In  Iron  films  observed  with  a 
magnetic  force  microscope 

5779  Influence  of  rf  magnetron  sputtering  conditions  on  the  magnetic,  crystalline, 
and  electrical  properties  of  thin  nickel  films 

5782  Molecular  magnets  V(tetracyanoethylene)x -y (solvent);  Applications  to 
magnetic  shielding 

5785  Soft  magnetic  properties  of  nanocrystalline  Fe-Hf-C-N  films 

5788  Electrical  characteristics  of  spiral  coil  planar  inductors  using  amorphous 
alloy  ribbons  as  magnetic  layers 

5791  Sending  stresses  and  bistable  behavior  in  Fe-rich  amorphous  wire 

5794  Relaxation  in  magnetic  continue 

5797  Generalized  equations  for  domain  wall  dynamics 

5800  Magnetic  induced  uniaxial  anisotropy  in  NiFe  and  NiFeCr  films  (abstract) 

5800  Structural  and  magnetic  properties  of  rf-sputtered  iron  nitrides  using  NH3 
(abstract) 

5801  Nucleation  of  the  nanocrystalline  phase  in  Fe73.sCu1Nb3Si13.5B9  (abstract) 

Symposium:  Magnetic  Circular  Olchroism 

5802  Validity  and  the  applicablity  of  magnetic-circular-dichroism  sum  rules  for 
transition  metals  (invited) 


Y.  J.  Song,  R.  E.  Bornfreund,  G.  B. 
Turpin,  P.  E.  Wigen 


Bharat  Bhushan,  Vilas  N.  Koinkar 

Paul  R.  Peck,  Myung  S.  Jhon, 
Ralph  F.  Simmons,  Jr.,  Thomas  J. 
Janstrom 

Arlen  Bowen 

J.  A.  O’Sullivan,  D.  G.  Porter,  R.  S. 
Indeck,  M.  W.  Muller 

R.  D.  Gomez,  1.  D.  Mayergoyz, 

E.  R.  Burke 

E.  R.  Burke,  R.  D.  Gomez,  R. 
Madabhushi,  i.  D.  Mayergoyz 

Jian-Gang  Zhu,  Haiyun  Wang, 
Thomas  C.  Arnoldussen 

Gang  Herbert  Lin,  H.  Neal  Bertram, 
Ralph  Simmons 

Pu-LIng  Lu,  Stanley  H.  Charap 

Bharat  Bhushan,  Steven  T.  Patton 

Yoichiro  Tanaka,  Tomoko  Komai, 
Takashi  Hikosaka 

Ferenc  Va)da,  Edward  Della  Torre 


Roger  Proksch,  Sheryl  Foss, 

E.  Dan  Dahiberg,  Gary  Prinz 

M.  S.  Miller,  F.  E.  Stageberg,  Y.  M. 
Chow,  K.  Rook,  L.  A.  Heuer 

B.  G.  Morin,  C.  Hahm,  Joel  S. 

Miller,  A.  J.  Epstein 

J.  0.  Choi,  J.  J.  Lee,  S.  H.  Han, 

H.  J.  Kim,  I.  K.  Kang 

K.  Ta  tigawa,  H.  Hirano,  T.  Sato,  N. 
Tanaka 

M.  Vazquez,  C.  Gomez  Polo,  J. 
Veluquez,  A.  Hernando 

V.  L.  Sobolev, !.  Klik,  C.  R.  Chang, 
H.  L  Huang 

Vladimir  L.  Sobolev,  Huei  Li  Huang, 
Shoan  Chung  Chen 

Terry  Torng,  Simon  H.  Liao 
John  Q.  Xiao,  C.  L  Chlk..'i 


J.  D.  Ayers,  V.  G.  Harris,  J.  A. 
Sprague,  W.  T.  Elam 


Ruqian  Wu,  Dingsheng  Wang,  '  J. 
Freeman 


(Continued) 


5807  X-ray  magnetic  circular  dichroism  studies  of  multilayered  thin  films  of  3d 
transition  metals  (invited)  (abstract) 

5807  Physical  information  in  polarized  x-ray  absorption  spectroscopy  and  x-ray 
photoemission  spectroscopy  (invited)  (abstract) 

5808  Element  specific  magnetic  hysteresis  curves  of  Fe/Cu/Co  multilayers 
(invited)  (abstract) 

5809  Core-level  magnetic  circular  dichroism  in  3d  and  4f  magnetic  systems 
(invited)  (abst  ^-.t) 

5810  Soft  x-ray  r  ...gneto-optical  Kerr  effect  (invited)  (abstract) 


D.  Weller,  M.  G.  Samant,  J.  Stohr, 
Y.  Wu,  B.  D.  Hermsmeier,  G.  Held, 
C.  Chappert 

Bernard  Theodoor  Thole 


Y.  U.  Idzerda,  H.-J.  Lin,  G.  Ho,  G. 
Meigs,  A.  Chaiken,  G.  A.  Prinz, 

C.  T.  Chen 

T.  Koide 

C.  C.  Kao,  C.  T.  Chen,  E.  D. 
Johnson,  Y.  U.  Idierda,  J.  B. 
Hastings 


Cooperative  Phenomena:  Critical  Phenomena  and  Disordered  Systems 

5811  Application  of  the  spreading  of  damage  technique  to  the  1/2  Ising  thin 
film 

5814  Quantum  renormalization  of  the  XY  model 

5817  Magnetization  and  static  structure  factor  behavior  in  a  first-order  helix-fan 
phase  transition 

5820  Magnetic  properties  in  the  Ising  mixed  spin-1/2-spin-1  superiattice 

5823  Monte  Carlo  calculation  of  the  correlation  range  for  the  isotropic 
Heisenberg  ferromagnetic  thin  film 

5826  Static  critical  properties  of  disordered  ferromagnets  studied  by 
superconducting  quantum  interference  device  magnetometry  and 
small-angle  neutron-scattering  techniques 

5829  Thermodynamical  properties  of  a  Heisenberg  model  with  Dzyaloshinski- 
Moriya  Interactions 

5832  A  unified  effective-field  renormalization-group  framework  approach  for  the 
quenched  diluted  Ising  models 

5835  Critical  behavior  of  the  anisotropic  Heisenberg  model  by  effective-field 
renormalization  group 

5838  Random  decorated  antiferromagnetic  ising  model  with  mixed  spins 

5841  Phase  diagrams  of  diluted  ferromagnetic  Ising  films  in  a  transverse  field 

5844  Relaxation  dynamics  in  a  reentrant  (FeNi)Mn  ferromagnet:  A  percolation 
analysis 

5847  Spin  glasses  with  cubic  anisotropy 

5850  Macroscopic  random  magnetic  anisotropy  constant  in  crystalline 
DyxYi-xAl2  (x=0.3.  0.4) 


I.  V.  Rojdestvenski,  U.  M.  S.  Costa 

Alessandro  Cuccoll,  Valerio 
Tognetti,  Paola  Verrucchi,  Ruggero 
Vala 

E.  Rasteiii,  S.  s  fazzari,  A.  Tassi 

E.  F.  Sarmento,  J.  C.  Cressoni, 

R.  J.  V.  dos  Santos 

I.  V.  Rojdestvenski,  M.  G.  Cottam, 
I.  A.  Favorski 

S.  Pouget,  M.  Alba,  M.  Nogues 


F.  Lacerda,  J.  Ricardo  de  Sousa, 

I.  P.  Fittipaldi 

Douglas  F.  de  Albuquerque,  I.  P. 
Fittipaldi 

J.  Ricardo  de  Sousa,  I.  P.  Fittipaldi 

Vanessa  M.  Correia,  Roberto  J.  V. 
dos  Santos 

J.  G.  Cressoni,  J.  W.  Tucker,  E.  F. 
Sarmento 

D.  Li,  R.  M.  Roshko,  G.  Yang 

Z.  Domahski,  T.  K.  Kopec,  F. 
Pazmandi,  P.  Erdos 

A.  del  Moral,  M.  Ciria,  J.  I.  Arnaudas, 
J.  S.  Abell,  Y.  Bl 


5853  Temperature  dependence  of  the  hyperfine  field  distributions  in  the 
Fe93,5-xNdxZre.5  (x=0,  2)  amorphous  alloys 

5856  Blocking  of  logarithmic  temporal  relaxation  of  magnetic  remanence  by 
piezomagnetically  induced  domains  in  Fei 

5859  One-dimensional  antiferromagnetic  behavior  in  AVOPO4  (A =NH4,  Na) 
prepared  from  hydrothermal  conditions 


5862  ac  susceptibility  on  the  dilute  antiferromagnet  Mn;(Zn,  .^Fg  close  to  the 
percolation  threshold  (abstract) 


G.  K.  Nicolaides,  M.  Pissas,  D. 
Niarchos,  R.  D.  Taylor,  K.  V.  Rao 

J.  Kushauer,  C.  Binek,  W.  Kleemann 

Charles  J.  O'Connor,  Victoria 
Soghomonian,  Robert  C. 
Haushaiter,  Zhanwen  Wang,  Jon 
Zubieta 

F.  L.  A.  Machado,  F.  C.  Montenegro, 
E.  Montarroyos,  J.  C.  0.  de  Jesus, 
A.  Rosales-Rivera,  S.  M.  Rezende 


(Continued) 


5862 

The  frequency  dependence  of  the  ferro-to*spinglass  transition  of  amorphous 
Fe-rich  Fe-Zr  (abstract) 

J.  Nogues,  K.  V.  Rao 

5863 

Cooperative  spin-crossover  transition:  Effects  of  the  antiferro-  and 
ferri-ordered  phase  (abstract) 

Benjamin  G.  Vekhter 

Small  Particles 

5864 

Nanocomposite  formation  in  the  Fe304-Zn  system  by  reaction  milling 

Laszio  Takacs,  Martha 
Pardavi-Horvath 

5867 

Fe-Al203  nanocomposites  prepared  by  high-energy  ball  milling 

Seren  Linderoth,  Michael  S. 
Pedersen 

5870 

Synthesis  and  properties  of  t/'-FeigNa  in  magnetic  particles 

Xiaohua  Bao,  Robert  M.  Metzger, 
Massimo  Carbucicchio 

5873 

Magnetism  and  spin  dynamics  of  nanoscale  FeOOH  particles 

M.  M.  Ibrahim,  G.  Edwards,  M.  S. 
Seehra,  B,  Ganguly,  G.  P.  Huffman 

5876 

Magnetic  properties  of  microemulsion  synthesized  cobalt  fine  particles 

J.  P.  Chen,  K.  M.  Lee,  C.  M. 
Sorensen,  K.  J.  Klabunde,  G.  C. 
Hadjipanayis 

5879 

Magnetic  properties  of  carbon-coated  rare-earth  carbide  nanocrystallites 
produced  by  a  carbon  arc  method 

B.  Diggs,  A.  Zhou,  C.  Silva,  S. 
Kirkpatrick,  N.  T.  Nuhfer,  M.  E. 
McHenry,  D.  Petasis,  S.  A.  Majetich, 
B.  Brunett,  J.  0.  Artman,  S.  W. 
Staley 

5882 

Magnetic  properties  of  carbcn-coated,  ferromagnetic  nanoparticles 
produced  by  a  carbon-arc  method 

E.  M.  Brunsman,  R.  Sutton,  E. 
Boitz,  S.  Kirkpatrick,  K.  Midelfort,  J. 
Williams,  P.  Smith,  M.  E.  McHenry, 
S.  A.  Majetich,  J.  0.  Artman,  M.  De 
Graef,  S.  W.  Staley 

5835 

S^’uCtural  and  magnetic  properties  of  ultrafine  Fe-Pd  particles 

L  Yiping,  G.  C.  Hadjipanayis,  C.  M. 
Sorensen,  K.  J.  Klabunde 

5888 

Fine  structure  and  magnetic  properties  of  Mn-  and  Co-doped 
nanocrystalline  rFe203 

Ming-Cheng  Deng,  Tsung-Shune 
Chin,  F.  R.  Chen 

5891 

Elongated  superparamagnetic  particles 

Amikam  Aharoni 

5894 

Interactions  between  single  domain  particles 

Roger  Proksch,  Bruce  Moskowitz 

5897 

Temperature  dependence  of  switching  field  distribution 

JIang-ChIng  Lin,  1.  Kiik,  C.  J.  Chen, 
Ching-Ray  Chang 

5900 

Dynamics  of  fine  particles  observed  in  zero-field  neutron  scattering 

M.  Hennion,  C.  Bellouard,  1. 
Mirebeau,  J.  L.  Dormann,  R.  Ober 

5903 

Magnetic  properties  of  fine  Ni  particles  coated  with  Pd  (abstract) 

Makoto  Yamaguchi,  Yoshichika 
Otani,  Hideki  Miyajirna 

5903 

Nuclear  magnetic  resonance  studies  on  the  surface  magnetism  of 
vanadium  ultrafine  particles  (abstract) 

Yukihiro  Hirayama,  Tomoki  Erata, 
Eiji  Kita,  Akira  Tasaki 

New  Instrumentation  and  Measurement  Techniques 

5904 

Polyphase  eddy  current  testing 

I.  Marinova,  S.  Hayano,  N.  Ishida, 
Y.  Saito,  Y.  Hirama,  M.  Yamamoto 

5907 

Defect  recognition  in  conductive  materials  by  local  magnetic-field 
measurement 

T  Doi,  S.  Hayano,  1.  Marinova,  N. 
Ishida,  Y  Saito 

5910 

Component-resolved  imaging  of  surface  magnetic  fields 

R.  D.  Gomez,  E.  R.  Burke,  1.  D. 
Mayergoyz 

5913 

Measurement  of  Young’s  moduli  for  film  and  substrate  by  the  mechanical 
resonance  method 

Y.  H.  Lee,  Y.  D.  Shin,  K.  H.  Lee, 

J.  R.  Rhee 

5916 

A  new  structure  of  torque  sensors  using  thin  pickup  head— Use  of  mutual 
coupling  modulation 

I.  Sasada,  F.  Koga 

5919 

A  microwave  transmission  spectrometer 

Carlo  Waldfried,  Scott  Wadewitz, 

G.  Dewar 


(Continued) 


5922  Measurements  of  intrinsic  magnetic  properties  of  materials  from  surface 
inspection  (abstract) 

5922  Three  component  magnetic  field  measurements  using  cubic  anisotropy  in 
(111)  YIG  films  (abstract) 

5923  Magnetoresistive  characterization  of  thin-tilm  structures  by  a  gradient-field 
method  (abstract) 

5924  Dispersivity  measurement  of  magnetic  powders  using  the  magnetic  noise 
method  (abstract) 

Symposium:  Environmental  Magnetism 

5925  Contributions  of  fine-particle  magnetism  to  reading  the  global  paleociimate 
record  (invited) 

5931  Collection,  measurement,  and  analysis  of  airborne  magnetic  particulates 
from  pollution  in  the  environment  (invited) 

Critical  Phenomena 

5937  Dynamics  of  the  one-dimensional  spin-1  Heisenberg  antiferromagnet  wi:h 
exchange  and  single-site  anisotropy 

5940  Ferromagnetism  of  single  crystal  Fe[S2CN(C2D5)2]2CI 


5943  Spin-1 /2  Heisenberg  antiferromagnet  on  the  square  and  triangular  lattices; 
A  comparison  of  finite  temperature  properties 

5946  Disorder-driven  first-order  phase  transformations;  A  model  for  hysteresis 


5949  Magnetic  properties  of  the  two-dimensional  "triangles-in-trlangles” 
Kagome  lattice  Cu9Y2(cpa)6  (X=F,CI,Br) 

5952  Magnetic  properties  of  two  copper  (ll)-halide  layered  perovskites 
5955  Can  the  universal  jump  be  observed  in  two-dimensional  XY  magnets? 


Z.  J.  Chen,  D.  C.  Jiles 

A.  Ya.  Perlov,  A.  I.  Voronko,  P.  M. 
Vetoshko,  V.  B.  Voikovoy 

P.  L  Trouilloud,  F.  Suits,  C.  V. 
Jahnes,  M.  A.  Russak,  E.  J.  Spada, 
J.  W.  Chang 

V.  M.  Vasilyev 


Subir  K.  Banerjee 
Fhilip  J.  Flanders 


Shu  Zhang,  Yongmin  Yu,  V.  S. 
Viswanath,  Joachim  Stolze, 

Gerhard  Muller 

G.  C.  DeFotis,  W.  W.  Brubaker,  S. 
Chandarlapaty,  K.  L.  Beers,  G 
Coffey 

N.  Elstnar,  R.  R.  P.  Singh,  A.  P. 
Young 

Karin  Dahmen,  Sivan  Kartha. 

James  A.  KrumhansI,  Bruce  W. 
Roberts,  James  P.  Sethna,  Joel  D. 
Shore 

Sanchit  Maruti,  Leonard  W.  ter 
Haar 

N.  Sivron,  T.  E.  Grigereit,  John  E. 
Drumheller,  K.  Emerson,  R.  D. 
Willett 

S.  T.  Bramwell,  P.  C.  W.  Holdsworth 


5958  Strong  thermal  fluctuation  effects  on  the  dynamics  of  Bloch  walls  (abstract)  M.  Haiti,  D.  Garanin,  j.  Koetzler 


5959  Depth-dependent  magnetic  correlation  length  in  terbium  (abstract) 


P.  M.  Gehring,  K.  Hirota,  C.  F. 
Majkrzak,  G.  Shirane 


Thin  Film  Recording  Media  I 

5960  Ba-ferrite  thin-film  media  for  high-density  longitudinal  recording  (invited) 

5966  Microstructural  investigations  of  barium  ferrite  longitudinal  thin-film  media 
5969  Low-temperature  deposition  of  hexagonal  ferrite  films  by  sputtering 


5972  Surface  roughness  and  magnetic  properties  of  in  situ  heated  and 
postanneal^  thin  films  of  perpendicular  barium  ferrite 

5975  Preparation  of  Co-Zn  ferrite  films  at  low  substrate  temperature  by 
plasma-free  dc  sputtering  for  magnetic  recording  media 

5978  Magnetic  and  crystallographic  properties  of  Co-Cr-(Ta,R)/Cr  films  deposited 
by  excimer  laser  ablation 

5981  Transverse  susceptibility  and  ferromagnetic  resonance  of  Hi-8 
metal-evaporated  tape 


T.  L.  Hylton,  M.  A.  Parker,  M.  Ullah, 
K.  R.  Coffey,  R.  Umphress,  J.  K. 
Howard 

B.  Y.  Wong,  X.  Sui,  D.  E.  Laughlin, 

M.  H.  Kryder 

Akimitsu  Morisako,  Hiroaki 
Nakanishi,  Mitsunori  Matsumoto, 
Masahiko  Naoo 

Kyusik  Sin,  John  M.  Sivertsen, 

Jack  H.  Judy 

N.  Matsushita,  K.  Noma,  S. 
Nakagawa,  M.  Naoe 

A.  Ishikawa,  K.  Tanahashi,  Y. 
Yahisa,  Y  Hosoe,  Y.  Shiroishi 

C.  Surig,  G.  Zimmermann,  K.  A. 
Hempel 


(Continued) 


5984 

Low-temperature  sputter  deposition  of  high-coercivity  Co-Cr  films  for 
perpendicular  recording 

Naoki  Honda,  Kazuhiro  Ouchi, 
Shun-ichi  Iwasaki 

5987 

Improvement  of  anisotropy  of  perpendicular  magnetic  recording  tape  by 

Ta  addition  and  Kr  sputtering  gas  (abstract) 

Kiyoshi  Kuga,  Hideaki  Yoshimoto, 
Yoshiro  Yoneda,  Junji  Numazawa, 
Masahiko  Naoe 

Emerging  Hard  Magnets  Based  on  Interstitials 

5988 

High  field  magnetization  measurements  of  Sm2Fet7,  SmaFeiyNs, 

Sm2Fei7D5,  and  Pr2Fe,7,  Pr2Fe',7N3  (invited) 

0.  Isnard,  S.  Miraglia,  M.  Guillot, 

D.  Fruchart 

5994 

Comparative  Mossbauer  effect  study  of  several  R2Fei7  and  R2Fei7Nx 
compounds 

Gary  J.  Long,  S.  Mishra,  0.  A. 
Pringle,  F.  Grandjean,  K.  H.  J. 
Buschow 

5997 

The  effects  of  group  IV  B/V  B/Vl  B  additions  on  the  magnetic  properties  of 
Sm2+tf  Fe,7  carbonitrldes 

X.  Chen,  Er.  Girt,  Z.  Altounian 

6000 

Phase  transformation  induced  by  gas  phase  reaction  in  RFe^oSICx  alloys 

E.  W.  Singleton,  G.  C.  Hadjipanayis, 
V.  Papaefthymiou,  Z.  Hu,  W.  B. . 
Yelon 

6003 

A  detailed  study  of  nitride  precipitates  in  Nd2Fei7 

C.  C.  Colucci,  S.  Gama,  C.  A. 
Hibeiro,  L.  P  Cardoso 

6006 

Aligned  high  anisotropy  Pr(Fe,Co,Mo)^2N  film  samples 

R.  Rani,  H.  Hegde,  A.  Navarathna, 
F.  J.  Cadleu 

6009 

Anisotropy  and  flux  density  enhancement  in  aligned  ThMni2-type 

NdFef^Coi  -yMOyN  film  samples 

A.  Navarathna,  H.  Hegde,  R.  Rani, 
F.  J.  Cadleu 

6012 

Hydrogenation  decomposition  desorption  recombination  magnets  based 
on  Sm2+iFe,7Mo.4  carbonitrldes  (M=IVB/VBA/IB  group  elements) 

X.  Chen,  Z.  Altounian 

6015 

Nitriding  of  melt-spun  Nd-Fe-Mo  alloys 

F.  E.  Pinkerton,  C.  D.  Fuerst,  J.  F. 
Herbst 

6018 

Effect  of  milling  on  the  magnetic  and  microstructural  properties  of 

Sm2Fe.7Nx  permanent  magnets 

P.  A.  P.  Wendhausen,  B.  Gebel,  D. 
Eckert,  K.-H.  Muller 

6021 

Magnetic  properties  of  Y(Fe,Co)ioMo2  alloys 

Xie  Xu,  Roy  Tucker,  S.  A.  Shaheen 

Field  Computations 

6024 

Mapnetic  thin-film  media  response  in  presence  of  displacement  eddy 
currents 

Geri,  A.  Salvini,  G.  M.  Veca 
/  • 

6027 

On  finite  element  Implementation  of  Impedance  boundary  conditions 

I.  0.  Mayergoyz,  G.  Beoroslan 

6030 

Three-dimonsional  iterative  solution  for  the  multiconductor  eddy  current 
and  free  surface  calculations 

M.  Ramadan  Ahmed,  K.  F.  All, 
Ibrahim  Moustafa 

6033 

Modeling  and  analysis  of  electric  and  magnetic  coupled  problems  under 
nonlinear  conditions 

A.  Geri,  M.  La  Rosa,  G.  M.  Veca 

6036 

Transformation  methods  in  computational  electromagnetism 

A.  Nicolet,  J.-F.  Remade,  B.  Meys, 
A.  Genon,  W.  Legros 

6039 

The  effects  of  various  magnetic  materials  on  lamination  design  for  stator- 
rotor  diecasting  of  induction  motors  for  electric  vehicle  applications 

N.  M.  Elkasabgy,  C.  Di  Pietro 

6042 

An  improved  method  for  magnetic  flux  density  visualization  using 
three-dimensional  edge  finite  element  method 

Vlatko  Cingoski,  Hideo  Yamashita 

6045 

Optimum  design  of  voice  coil  motor  with  constant  torque  coefficients  using 
evolution  strategy 

Chang  Seop  Koh,  Osama  A. 
Mohammed,  Jun-o  Kim,  Song-yop 
Hahn 

6048 

Three-dimensional  eddy  current  solution  of  a  polyphase  machine  test 
model  (abstract) 

Uwe  Pahner,  Ronnie  Belmans, 
Vlado  Ostovic 

6049 

Numerical  methods  and  measurement  systems  for  nonlinear  magnetic 
circuits  (abstract) 

Axel  Heitbrink,  Hans  Dieter  Storzer, 
Adalbert  Beyer 

6050 

Comparative  analysis  of  two  methods  for  time-harmonic  solution  of  the 
steady  state  in  induction  motors  (abstract) 

Robrecht  DeWeerdt,  Kostadin 
Brandisky,  Uwe  Pahner,  Ronnie 
Belmans 

(Continued) 


Spin  Waves,  Hype'rflne  Fields,  and  Resonance 

6051  Sel^ction'of  the  ground  state  in  CsCuCIs  by  quantum  fluctuations  ' 

6054  Scaling  behavior  of  the  homogeneous  magnetization  dynamics  in  the 
ferromagnetic  state  of  EuS 

6057  Dynamicai  properties  of  quantum  spin  systems  in  magneticaily  ordered 
product  ground  states 

6060  Magnons  in  ferromagnetic  terbium  under  high  pressure 

6063  Polarization  analysis  of  magnons  in  CsMnIs 

6066  Orientation  dependence  of  dipole  gaps  in  the  magnetostatic  wave 
spectrum  of  Bl-substituted  iron  garnets 

6069  Polarization  analysis  of  the  magnetic  excitations  in  FegsNiss  Invar 

6072  Temperature  dependence  of  the  magnetic  excitations  in  ordered  and 
disordered  Fe72Pt28 

6075  Theory  of  ferromagnetic  resonance  relaxation  in  very  small  solids 

6078  Crystallographic  and  magnetic  properties  of  Co^Fet  -xCr2S4 


6081  The  effect  of  Co  doping  on  spin  cluster  resonance  in  the  one-dimensional 
Ising  feiromaghet  FeTAC 

6084  New  perspective  on  the  Green's  function  dipole-exchange  spin  wave 
theory  for  thin  films  (abstract) 

6085  Ground  state  and  spin  dynamics  In  hexagonal  antiferromagnet  CsCuCIs 
(abstract) 


Magnetic  Bubble  and  VBL  Memoriae 

6086  Successive  Bloch  line  write  operation  in  a  1-^M  bubble  material 


6089  Mic)omagnetic  computation  for  wall  and  Bloch  line  coercivity  in  thin  films 
with  perpendicular  anisotropy 


6092  Phase  transitions  in  bubble  lattice  under  temperature  lowering  (abstract) 


6093  An  adaptive  computational  method  for  domain  wall  dynamics  (abstract) 


E.  Rastelli,  A.  Tassi 

R.  Dombrowski,  D.  Gorlitz,  J. 
Kotzler,  Chr.  Marx 

V.  S.  Viswanath,  Joachim  Stolze, 
Gerhard  Muller 

S.  Kawano,  J.  A.  Fernandez-Baca, 
R.  M.  Nicklow 

Z.  Tun,  T.  C.  Hsu,  J-G.  Lussier 

Ana  K.  Chernakova,  Andrew  Cash, 
Jose  Peruyero,  Daniel  D.  Stancil 

J.  W.  Lynn,  N.  Rosov,  M.  Acet,  H. 
Bach 

N.  Rosov,  J.  W.  Lynn,  J.  Kastner, 

E.  F.  Wassermann,  T. 
Chattopadhyay,  H.  Bach 

J.  B.  Sokoloff 

Chul  Sung  Kim,  Min  Yong  Ha, 
Heung  Moon  Ko,  Young  Jei  Oh, 
Heung  Soo  Lee,  Sang  Youl  Lee, 
Jung  Chul  Sur,  Jae  Yun  Park 

R.  S.  Rubins,  T.  D.  Black,  K. 
Ravindran,  John  E.  Drumheller 

Ming  Chen,  Carl  E.  Patton 
E.  P.  Stefanovskii,  A.  L.  Sukstanskii 


K.  Matsuyama,  T.  Ohyama,  H. 
Asada,  K.  Taniguchi 

H.  Asada,  K.  Matsuyama,  M. 
Gamachi,  K.  Taniguchi 

V.  S.  Gerasimchuk,  Yu.  I.  Gorobets, 
K.  De  Ville 

Sergey  G.  Osipov 


Soft  Magnetic  Materials:  Ferrites 

6094  Wet-process  preparation  of  amorphous  Y-Fe  oxide  films  ferromagnetic  at 
room  temperature 

6097  Magnetic  anomalies  in  single  crystal  Fe304  thin  films 

6100  An  analysis  of  the  high-temperature  relaxation  in  polycrystalline  magnetite 

6103  Dy3Fe50t2  garnet  thin  films  grown  from  sputtering  of  metallic  targets 

6106  Enhanced  coercivity  due  to  a  local  anisotropy  increase 

6109  The  microwave  absorbing  and  resonance  phenomena  of  Y-type  hexagonal 
ferrite  microwave  absorbers 

6112  Effect  of  Er203  addition  on  microstructure  and  physical  properties  of  Mn- 
Zn  ferrites  for  high-power  use 


Q.  Zhang,  T.  Itoh,  M.  Abe,  M.  J. 
Zhang 

D.  T.  Margulies,  F.  T.  Parker,  A.  E. 
Berkowitz 

J.  Castro,  D.  Martinez,  J.  Rivas, 

H.  J.  Blythe 

J.  Ostorero,  M.  Escorne,  A. 
Pecheron-Guegan,  F.  Soulette,  H. 
LeGatl 

J.  A.  Jatau,  M.  Pardavi-Horvath,  E. 
Della  Torre 

H.  J.  Kwon,  J.  Y.  Shin,  J.  H.  Oh 


C.  S.  Uu,  J.  M.  Wu,  C.  J.  Chen, 
M.  J.  Tung 


(Continued) 


6115  'Dispersion  observedjri  eiectrical  properties  of  titanium-sobstituted  lithium  Bijoy  Kumar  Kuanr,  G.  P.  Siivastava 

r.  ferrites.  *  fc:  .  • 

6118  Electrical  co'nductl\%  of  Mh-Zn  ferrites  D.  Ravinder,  K.  Latha 


6121j  Composition  dependence  of  the  elastic  moduli  of  mixed  lithium-cadmium 
ferrites  r  r 

6124  Deposition  and  properties  of  NiFejO^  thin  films  (abstract)'  ■' ' 


61 24  Studies  of  stoichiometric  variations  of  epitaxially  grown  Fe3-P4  (abstract) 


6125  Cation  distribution  of  Li-T1  mixed  ferrites  (abstract) 


D.  Ravinder 


R.  B.  van  Dover,  E.  M.  Gyorgy, 

J.  M.  Phillips,  J.  H.  Marshall,  R.  J. 
Felder,  R.  M.  Fleming,  H.  O’Bryan, 
Jr. 

E.  Lochner,  K.  A.  Shaw,  R.  C. 
DiBari,  D.  Hilton,  D.  M.  Lind,  S.  D. 
Berry 

M.  Bhagavaptha  Reddy, 

P.  Venugopal  Reddy 


Thin  Fllin  RecordltijB  Madia  11 

6126  Magnetic  and  microstructural  properties  of  CoCrPt/CoCrRSI  dual-layered 
magnetic  recording  media 

6129  Bicrystal  advanced  thin-film  media  for  high  density  recording 


N.  Inaba,  Y.  Matsuda,  M.  Suzuki,  A. 
Nakamura,  M.  Futamoto 

Tai  Min,  Jian-Gang  Zhu 


6132  AFM  ^ructure  and  tnedla  noise  of  SmCo/Cr  thin  films  and  hard  disks 

6135  Modeling  of  thin-film  media  with  advanced  microstructure  for  ultrahigh 
density  recording 

6138  Evaluation  of  the  CoCrTaR  alloy  for  longitudinal  magnetic  recording 


6141  Analysis  of  the  electronic  properties  of  CoCrR  thin  films  using  parallel 
electron  energy  loss  spectroscopy  (PEELS) 

6144  Noise  properties  and  microstructure  of  oriented  CoCrTa/Cr  media 


6147  Effects  of  oxide  addition  on  magnetic  and  structural  properties  of  CoNIR 
alloy  films 

6150  Comparison  of  reproduce  signal  and  noise  of  conventional  and  keepered 
CoCrTa/Cr  thin  film  media 

6153  Process  temperature  dependence  of  dM  plots  on  Co  alloy  media  on 
amorphous  carbon  substrates 

6156  Friction  and  wear  of  ion-implanted  diamondlike  carbon  and  fullerene  films 
for  thin-film  rigid  disks 

6159  Thin  film  disks  for  high  density  recording  with  textured  underlayers 
(abstract) 

6160  A  study  of  the  structural  properties  of  sputtered  CoCrR  based  on  x-ray 
diffraction,  small  angle  x-ray  scattering,  XAFS,  and  transmission  electron 
microscopy  measurements  (abstract) 

6161  Multinuclear  nonmagnetic  resonance  studies  of  perfiuoro  poly  ether 
lubricants  (abstract) 

6162  The  durability  of  new  rigid  disks  by  molded  plastic  substrates  (abstract) 


E.  M.  T.  Velu,  D.  N.  Lambeth,  J.  T. 
Thornton,  P.  E.  Russell 

Xiao-Guang  Ye,  Jian-Gang  Zhu 

Yuanda  Cheng,  Mojtaba  Sedighi, 
Irene  Lam,  Richard  A.  Gardner, 
ZhiJun  Yang,  Michael  R.  ScheInfein 

Pawel  Glijer,  John  M.  Sivertsen, 
Jack  H.  Judy 

R.  Ranjan,  W.  R.  Bennett,  G.  J. 
Tarnopolsky,  T.  Yamashita,  T. 

Nolan,  R.  Sinclair 

A.  Murayama,  S.  Kondoh,  M. 
Miyamura 

Kyusik  Sin,  Juren  Ding,  Pawel 
Glijer,  John  M.  Sivertsen,  Jack  H. 
Judy,  Jian-Gang  Zhu 

Masago  Kuwabara,  Haydee  Saffari, 
Mark  R.  Visokay,  Hidetaka  Hayashi, 
Motoharu  Sato 

Bharat  Bhushan,  B.  K.  Gupta 

Mohammad  MIrzamaani,  Michael  A. 
Russak,  Christopher  V.  Jahnes 

S.  Yumoto,  N.  Ohshima 


K.  V.  Viswanathan 

Osamu  Morita,  T  Sano,  Yasuyuki 
Imai,  Naoko  Hisayama,  Hiroshi 
Takino 


Coupling  Through  Nonmagnetic  Layer* 

6163  Temperature-dependent  non-Heisenberg  exchange  coupling  of  R.  P.  Erickson 

ferromagnetic  layers  (invited) 


(Continued) 


;6169;/,RHbto-indu^:ar^eit6magnstic  interlayer  coupling  in  Fe  superlattices 
with  iron  silicide  spacers  (invited) 


61 74  An  alternate  route  to  giant  magnetoresistance,  in  MBE-grown  Co-Cu 
superlattices  (invited) 

6178  Magnetic  profile^as  a  function  of  structural  disorder  in  Fe/Cr  superlattices 


61 81  Temperature  dependence  of  the  exchange  coupling  in  the  Fe(001 )  whisker/ 
11  ML  Cr/20  ML  Festructure 

6184  Anisotropy  studies  of  AFM  coupled  MBE  grown  Co/Cu(001)  superlattices 

6187  “Loose  spins”  in  Fe/Cu/Fe(6oi)  structures 

6190  Interlayer  coupling  and  spin  polarization  of  the  nonmagnetic  layers  in 
Fe/Cu  and  Fe/Ag  CMFs 


6193  Growth  temperature  dependence  of  biquadratic  coupling  in  Fe/Cr(100) 
superlattices  studied  by  polarized  neutron  reflectivity  and  x-ray  diffraction 
(abstract) 

Symposium:  Novel  Time-Resolved  Probes  of  Dynemicei  Megnetlem 

6194  Picosecond  pulsed-field  probes  of  magnetic  systems  (invited) 

6199  Femtosecond  Faraday  rotation  'n  spin-engineered  heterostructures 
(invited) 

6205  Time-resolved  scanning  probe  microscopy:  Investigations  and  applications 
of  dynamic  magnetostriction  (invited) 

6211  Magnetic  resonance  detection  and  imaging  using  force  microscope 
techniques  (invited) 

6217  Measurement  of  thermal  switching  of  the  magnetization  of  single  domain 
particles  (invited) 

Hard  Magnets  III:  Substitutional  Alloys  and  Novel  Materials 

6223  Magnetic  phase  diagram  of  (Tbt  _xQdx)FeitTi  alloys 


6226  Magnetic  phase  diagram  of  Nd(Fe,Mo)i2  alloys 


6229  Magnetic  anisotropies  in  RFeio-xCOyMoz  compounds  (R=Dy,  Er) 

6232  Magnetic  properties  of  Nd(Fe,Ti)t2  and  Nd(Fe,Ti)i2Nx  films  of  perpendicular 
texture 

6235  ®^Fe  Mossbauer  studies  of  Nd(Fe,2-xMOx)  and  Nd(Fe,2-*MOx)No9 
{x= 1.25  and  1.50) 

6238  Magnetic  properties  of  (Er,R)2Fei7Ny  compounds  (R=Y,Gd) 

6241  Magnetic  properties  of  Er2Fei7-xAlxNy  compounds 


6244  Eectrical  and  magnetic  studies  of  (Cu/Zn)-bonded  Sm2Fet7MxNy  magnets 
(M=B  or  C) 


J.  E:  Mattson,' Eric  E.  Fullerton, 
Sudha  Kumar,  S.  R.  Lee,  C.  H. 
Sowers,  M;  .Grirnsditch,  S.  D. 

Bader,  F.  f.  Parker 

Roy  Clarke,  Darryl  Barlett,  Frank 
Tsui,  Baoxing  Chen,  Ctirad  Uher 

Michael  J.  Pechan,  d.  F.  Ankner, 

C.  F.  Majkrazk,  David  M.  Kelly, 

Ivan  K.  Schuller 

M.  From,  L  X.  Liao,  J.  F.  Cochran, 
B.  Heinrich’ 

K.  Brohl,  S.  Di  Nunzio,  F.  Schreiber, 
Th.  Zeidler,  H.  Zabel 

B.  Heinrich,  Z.  Celinski,  L.  X.  Liao, 
M.  From,  J.  F.  Cochran 

Y.  B.  Xu,  M.  Lu,.Q.  Y.  Jin,  C.  Hu. 

Y.  Z.  Miao,  Y.  Zhai,  Q.  S.  Bie,  H.  R. 
Zhai,  G.  L.  Dunifer,  R.  Naik,  M. 
Ahmad 

M.  Schafer,  J.  A.  Wolf,  P.  Griinberg, 
J.  F.  Ankner,  A.  Schreyer,  H.  Zabel, 

C.  F.  Majkrzak 


M.  R.  Freeman 

J.  J.  Baumberg,  D.  D.  Awschalom, 

N.  Samarth 

G.  Nunes,  Jr.,  M.  R.  Freeman 

O.  Zuger,  D.  Rugar 

M.  Lederman,  D.  R.  Fredkin,  R. 
O'Barr,  S.  Schultz,  M.  OzakI 


L.  C.  C.  M.  Nagamine,  H.  R. 
Rechenberg,  P.  A.  Algarabel,  M.  R. 
Ibarra 

Y.  Z.  Wang,  B.  P.  Hu,  X.  L.  Rao, 

G.  C.  Uu,  L.  Song.  L.  Yin,  W.  Y.  Lai 

Roy  Tucker,  Xie  Xu,  S.  A.  Shaheen 


D.  Wang,  D.  J.  Sellmyer,  I. 
Panagiotopoulos,  D.  Niarchos 

Qi-Nian  Qi,  Bo-Ping  Hu,  J.  M.  D. 
Coey 

J.  L.  Wang,  W.  G.  Lin,  N.  Tang, 

W.  Z.  U.  Y.  H.  Gao.  F.  M.  Yang 

F.  M.  Yang,  N.  Tang,  J.  L  Wang, 

X.  P.  Zhong,  R.  W.  Zhao,  W.  G.  Un 

Y.  D.  Yao,  P.  C.  Kuo,  W.  C.  Chang, 
C.  J.  Uu 


(Continued) 


6247  .<Structure..ai:)d,magnetiC'properties  of  interstitial  compounds  of  the  series 
Dy2Fei7_x^x2y  ;(Z=N  dr  H) 

6250;  High-coercivity  Sm-Fe-Ga-C  compounds  with  ThaZniy  structure  by  melt 
spitining, 

6253  A  novel  hard  magnetic  material  for  sintering  permanent  magnets 


6256  Effect  of  Srn  substitution  on  structure  and  magnetic  properties  of 
high-carbon  EfgFefyCy  compounds 

6259  Structure  and  magnetic  properties  of  Gd2Fef7_xGaxC2  compounds 


6262  Effect  of  cobalt  substitution  on  magnetic  properties  of  R2Fei7  silicides 
(R=Y.  Gd,  Tb,  Er,  and  Tm) 

6265  A  contribution  to  the  knowledge  of  phase  equilibria  and  the  magnetic 
properties  of  the  Nd-Fe-B-X  systems  (X=AI,Co,V} 

6268  Investigations  of  magnetic  properties  and  microstructure  of  40Cedidymium- 
Fe-B  based  magnets 

6271  Investigation  of  Interaction  mechanisms  in  melt-quenched  NdFeB 

6274  Crystal  structure  and  low-temperature  magnetic  properties  of  melt-spun 
Sm2Co7B3  compounds 

6277  Saturation  magnetization  and  anisotropy  fields  in  the  Sm(Co^  -xCUx)s 
phases 

6280  SmCo  (2:1 7-type)  magnets  with  high  contents  of  Fe  and  light  rare  earths 

6283  Effect  of  Dy  substitution  on  the  magnetocrystalllne  anisotropy  of  GdC04B 

6286  Permanent  magnet  film  magneto-optic  waveguide  Isolator 


6289  Investigation  of  Pr-Fe-B  magnets  with  high  performance  (abstract) 

6289  In  situ  and  dynamic  observation  of  NdFeCoB  magnet  by  high  voltage 
transmission  electron  microscope  (abstract) 

Magnetic  Ordering  and  Magnetic  Structure 

6290  Influence  of  electron  damping  and  reservoir  on  the  magnetic  phase 
diagram  of  chromium  alloys 


J.  P.  Liu,  D.  C.  Zeng,  N.  Tang, 

A.  J.  M.  Winkelnian,  F.  R.  de  Boer, 

K.  H.  J.  Buschow 

Un-Shu  Kong,  Bao-gen  Shen, 
Fang-wei  Wang,  Lei  Cao,  Hui-qun 
Guo,  Tai-shan.Ning. 

Bao-gen  Shen,  Fang-wei  Wang, 
Un-shu  Kong,  Lei  Cao,  Wen-shan 
Zhan 

Bao-gen  Shen,  Lei  Cao,  Lin-shu 
Kong,  Tai-shan  Ning,  Ming  Hu 

Bao-gen  Shen,  Fang-wei  Wang, 
Un-shU  Kong,  Lei  Cao,  Bo  Zhang, 
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K.  Kagawa,  H.  Kano,  A.  Okabe,  A. 
Suzuki,  K.  Hayashi 

6543 

Giant  magnetoresistance  in  electrodeposited  Co-Ni-Cu/Cu  superlattices 
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6566  On  the  resistivity  minimum  in  amorphous  metallic  spin-glasses  (abstract) 
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6574  Synthesis  and  characterization  of  Fei6N2  in  bulk  form 
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6592  Magnetic  properties  of  Dy-Lu  alloys 
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6596  Two-dimensional  magnetic  order  in  Pb2Sr2TbCu30s 
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6603  Neutron  diffraction  study  of  the  magnetic  ordering  of  BaCu024.x  (abstract) 
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Granular  Films 

6604  '  Magnetic  properties  of  metallic  Co-  and  Fe-based  granular  alloys 
6607  Magnetic  and  ferromagnetic  resonance  studies  in  Co-Cu  composite  films 


6610  Structure  and  magnetism  of  heat-treated  nanocrystalline  CusoCogo 
powders  prepared  via  chemical  means 


6613  Relaxation  measurements  and  particle  size  determination  in  Co-Ag 
heterogeneous  alloy  films 

6616  Studies  of  magnetic  interactions  between  Gd  granules  in  copper  matrix 

6619  Magnetic  reversal  in  small  structures 

6622  Exchange  interactions  among  ferromagnetic  clusters  In  Cu-Co 
heterogeneous  alloy  films  (abstract) 

6622  Ferromagnetic  resonance  studies  of  granular  materials  (abstract) 

6623  Magnetic  properties  of  cobalt  clusters  deposited  on  MgO  substrates  by 
molecular  beam  epitaxy  (abstract) 

6623  Particle  interactions  in  granular  Co  films  (abstract) 

6624  Investigation  of  the  microstructure  of  granular  Ag-Fe  and  Ag-Co  thin  films 
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Hard  Magnats  il;  2<14<1  and  Other  Hard  Magnets 

6625  Resonant  ultrasound  measurements  of  elastic  constants  in  melt-spun 
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6628  Comparison  of  the  improvement  of  thermal  stability  of  NdFeB  sintered 
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6631  Mechanical  properties  of  hot-rolled  Pr-Fe-B-Cu  magnets 

6634  Magnetocaloric  dependence  of  magnetic  viscosity  measurements  in 
NdFeB 

6637  Die-upset  PrCos-type  magnets:  Enhanced  coercivities 
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6643  Order-disorder  and  magnetic  exchange  interactions  in  substituted  strontium 
hexaferrite  SrAxFei2-xOi9(A=Ga,  In) 
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6655  Magnetic  properties  of  sintered  Alnico  5  magnet  via  rapid  solidification 
technology 

6658  Effect  of  additives  on  thermal  stability  of  Nd-Fe-B  bonded  magnets 
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6691  Studies  of  the  Verwey  transition  in  FesOVNiO  superiattices  by  SQUID 
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model  with  5-ftinction  interaction  involving  several  bands 

6734  Two-band  model  for  Kondc  insulators:  Thermodynamic  and  scaling 
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6742  The  sign  reversal  of  the  acoustoelectric  effect  in  anisotropic 
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6804  Enhancement  of  the  magneto-optical  quality  of  YIG  films  in  a  structure 
containing  a  thin  metal  film  (abstract) 

6805  Magnetic  Davydov  splitting  in  2D  AFM  (CH2)2(NH3)2MnCl4  (abstract) 


S.  Visnovsky,  M.  Nj^lt,  V.  Prosser, 
R.  Atkinson,  W.  R.  Hendren,  I.  W. 
Salter,  M.  J.  Walker 

Ron  Atkinson,  Nikolai  F.  Kubrakov, 
Sergey  N.  Utochkin,  Anatoley  K. 
Zvezdin 

R.  Carey,  P.  A.  Gage  Fandoval, 

D.  M.  Newman,  B.  J.  Thomas 

J.  Ostorero,  M.  Guillot 

Jia  Ouyang,  Ying  Zhang,  Huahui 
He 

Jie  Hui  Yang,  You  Xu,  Guo  Ying 
Zhang 

O.  Kamada,  H.  Minemoto,  N.  Itoh 
M.  Gomi,  M.  Abe 

A.  D.  Boardman,  A.  i.  Voronko, 

P.  M.  Vetoshko,  V.  B.  Volkovoy, 

A.  Yu.  Toporov 

V.  Eremenko,  I.  Kachur,  V. 
Piryatinskaya,  V.  Shapiro 


Symposium:  User  Facilities  In  Magnetism 

6806  Magnetic  neutron  scattering  (Invited) 

6811  Soft  x-ray  synchrotron  radiation  facilities  for  the  study  of  magnetic 
materials  (invited)  (abstract) 

6812  High  magnetic  field  research;  Overview  of  facilities  and  science  and 
technology  opportunities  (invited)  (abstract) 

Magnetic  Structure 

6813  LiNI02:  Quantum  liquid  or  concentrated  spin  glass? 

6816  Disappearance  of  three-dimensional  magnetic  ordering  in  Gd2Cu04 


J.  W.  Lynn 

Brian  Tonner,  W.  O’Brien,  M.  A. 
Green,  H.  Hochst,  R.  Reininger 

J.  E.  Crow,  H.  J.  Schneider-Muntau, 
D.  M.  Parkin,  N.  Sullivan 


M.  Rosenberg,  P.  Stelmaszyk,  V. 
Klein,  S.  Kemmler-Sack,  G.  Filoti 

T.  Chattopadhyay,  P.  J.  Brown,  B. 
Roessli 


(Continued) 


6819  Spin-Peieiis  transition  in  CuGeOs:  Electron  paramagnetic  resonance 
study 

6822  Observations  of  magnetization  reversal  and  magnetic  clusters  in  copper 
ferrite  films 

6825  The  structure  and  spin  dynamics  of  lanthanide-bearing  silicate  glasses 

6828  Magnetization  and  ferromagnetic  resonance  studies  on  amorphous  films 
of  Fe203-Bl203-Li20 

6831  Hysteresis  and  magnetic  aftereffect  in  amorphous  CoZrDy  films:  Trends 
and  variations  versus  Dy  content 

6834  Rrst-principles  calculation  of  orbital  moment  distribution  in  amorphous  Fe 

6837  A  magnetocalorimetric  study  of  spin  fluctuations  in  amorphous  Fe;(Zr,oo-x 

6840  Magnetic  properties  of  colloidal  silica;  Potassium  silicate  gel/iron 
nanocomposites 

Magnat(H)ptic  Recording 

6843  Origin  of  high  coercive  force  in  rare-earth-transmission-metal  thin  film 

6846  Study  of  the  effect  of  defect  sizes  and  their  distribution  on  the  ccercivity  of 
magnetic  media 

6849  Reversal  mechanisms  in  Tb/Fe  multilayers 

6852  Write/erase  cyclability  of  TbFeCo  for  mark  edge  recording 


6855  Recording  characteristics  of  Kr-sputtered  Tb/FeCo  multilayer 
magneto-optical  disks 

6856  Double  compensation  point  media  for  direct  overwrite 

6861  Design  and  performance  of  magneto-optic  enhanced  Co/R-based  trilayers 
having  zero  Kerr  ellipticity 

6864  Effect  of  substrate  roughness  on  microstructure,  uniaxial  anisotropy,  and 
coercivity  of  Co/R  multilayer  thin  films 

6867  Depth  distribution  of  birefringence  in  magneto-optical  recording  disk 
substrates 

6870  Growth  and  subsequent  relaxation  of  the  anisotropic  structure  of  amorphous 
Tb-Fe  (abstract) 

6871  Macroscopic  ferrimagnets  as  magneto-optic  media  (abstract) 


S.  Oseroff,  S-W.  Cheong,  A. 
Fondado,  B.  Aktas,  Z.  Fisk 

M.  M.  Ibrahim,  M.  S.  Seehra,  G. 
Srinivasan 

A.  J.  G.  Ellison,  C.-K.  Loong,  J. 
Wagner 

J.  Chen,  S.  Cheney,  G.  Srinivasan 
G.  Suran,  K.  Roky 

Xue-Fu  Zhong,  W.  Y  Ching 

A.  LeR.  Dawson,  D.  H.  Ryan 

R.  D.  Shull,  H.  M.  Kerch,  J.  J. 
Ritter 


D.  Roy  Callaby,  Robert  D.  Lorentz, 
Shigeki  Yatsuya 

James  A.  Jatau,  Edward  Della 
Torre 

K.  O’Grady,  T.  Thomson,  S.  J. 
Greaves,  G.  Bayreuther 

Hiroyuki  Awano,  Masahiro  Ojima, 
Katsusuke  Shimazaki,  Satoru 
Ohnuki,  Norio  Ohta 

Hiro  Karube,  Kunihiko  Matsumura, 
Masafumi  Nakada,  Osamu  Okada 

T.  K.  Hatwar,  D.  J.  Genova,  R.  H. 
Vlctora 

R.  Atkinson,  P.  J.  Grundy,  C  M. 
Hanratty,  R.  J.  Pollard,  I.  W.  Salter 

Chung-Hee  Chang,  Mark  H.  Kryder 

Raymond-Noel  Kono,  Myung  S. 
Jhon,  Thomas  E.  Karis 

F.  Heilman,  M.  C  Robson,  M.  T. 
Messer 

Richard  J.  Gambino,  Ralph  R.  Ruf, 
Nestor  Bojarczuk 


Magnetic  Imaging  and  Measuring  Techniques 

6872  High-resoluticn  magneto-optic  measurements  with  a  Sagnac  interferometer  A.  Kapitulnik,  J.  S.  Dodge,  M.  M. 
(invited)  Fejer 

6878  dc  magnetic  force  microscopy  imaging  of  thin-film  recording  head  Paul  Rice,  John  Moreland,  Andrzej 

Wadas 

6881  Proposed  antiferromagnetically  coupled  dual-iayer  magnetic  force  John  0.  Oti,  Paul  Rice,  Stephen  E. 

microscope  tips  Russek 

6884  Anisotropy  and  magnetostriction  measurement  by  interferometry  Peter  S.  Haiilee  III,  George  H. 

Bellesis,  David  N.  Lambeth 

6887  New  complex  permeability  measurement  device  for  thin  magnetic  films  S.  Hayano,  I.  Marinova,  Y.  Saito 


6890  Element  specific  magnetic  microscopy  with  x  rays  (invited)  (cibstract) 


B.  Hermsmeier,  J.  Stohr,  Y.  Wu,  M. 
Samant,  G.  Harp,  S.  Koranda,  D. 
Dunham,  B.  P.  Tonner 


(Continued) 


6890  High  spatial  resolution  spin-polarized  scanning  electron  microscopy 
(abstract) 

6891  An  analysis  of  magnetization  patterns  measured  using  a  magnetic  force 
scanning  tunneling  microscope  (abstract) 

6892  Magnetic  force  microscopy  of  single  crystal  magnetite  (Fe304)  (abstract) 

6893  Interpretation  of  magnetic  force  microscopic  images  (abstract) 

Giant  Magnetorasistence  in  Granular  Materials 

6894  Determination  of  para-  and  ferromagnetic  components  of  magnetization 
and  magnetoresistance  of  granuiar  Co/Ag  films  (invited) 

6900  Giant  magnetoresistance  and  microstructural  characteristics  of  epitaxial 
Fe-Ag  and  Co-Ag  granular  thin  films 

6903  Giant  magnetoresistance  and  its  dependence  on  processing  conditions  in 
magnetic  granular  alloys 

6906  Theory  of  magnetotransport  in  inhomogeneous  magnetic  structures 

6909  Giant  magnetoresistance  of  dilute  Cu(Co)  granular  films 

691 2  Dependence  of  giant  magnetoresistance  on  film  thickness  in  heterogeneous 
Co-Ag  alloys 

6915  Modulation-Induced  giant  magnetoresistance  in  a  spinodally  decomposed 
Cu-Ni-Fe  alloy 

6918  Magnetoresistance  in  a  granular  Fe-Mg  system 

6921  Giant  magnetoresistance  and  induced  exchange  anisotropy  in  mechanically 
alloyed  CoaoAgyo 


6924  Correlation  of  x-ray  diffraction  and  Mossbauer  efft  Jt  measurements  with 
magnetic  properties  of  heat-treated  CuaoCotsFes  ribbons 

6927  Giant  magnetoresistance  in  Agi  _xNix-yFey  heterogeneous  alloy  films 

6930  Giant  and  anisotropic  magnetoresistance  in  single  layer  NieeFeieCoie-Ag 
films 

6933  Giant  magnetoresistance  in  heterogeneous  (CoFe)xAg,  _x  films  (abstract) 

Soft  Magnetic  Materials  and  Applications  II 

6934  The  effects  of  film  geometr''  on  the  properties  of  FeTaN  films 

6937  Relationship  between  ac  and  dc  magnetic  properties  of  a  Co-based 
amorphous  alloy 

6940  Effects  of  nanocrystallization  upon  the  soft  magnetic  properties  of  Co-based 
amorphous  alloys 

6943  Magnetic  properties  behaviors  in  Fe88Zr7B4Cu,  nanocrystalline  alloy 
prepared  by  different  postanneal  cooling  rates 

6946  Soft-magnetic  properties  of  amorphous  tapes  after  dynanic  current 
annealing 

6949  Magnetic  behavior  of  the  amorphous  wires  covered  by  glass 


H.  Matsuyama,  K.  Koike,  F. 
Tomiyama,  H.  Aoi,  Y  Shiroishi,  A. 
Ishikawa 

E.  R.  Burke,  R.  D.  Gomez,  I.  D. 
Mayergoyz 

R.  Proksch,  S.  Foss,  C.  Orme,  S. 
Sahu,  B.  Moskowitz 

Atsushi  Kikukawa,  Hiroyuki  Awano, 
Sumio  Hosaka,  Yukio  Honda,  Ryo 
Imura 


Mary  Beth  Stearns,  Yuanda  Cheng 

N.  Thangaraj,  C.  Echer,  Kannan  M. 
Krishnan,  R.  F.  C.  Farrow,  R.  F. 
Marks,  S.  S.  P.  Parkin 

Jian-Qing  Wang,  Edward  Price, 
Gang  Xiao 

Horacio  E.  Cambiong,  Shufeng 
Zhang,  Peter  M.  Levy 

R.  J.  Gambino,  T.  R.  McGuire, 

J.  M.  E.  Harper,  Cyrii  Cabrai,  Jr. 

J.  R.  Mitcheil,  A.  E.  Berkowitz 

S.  Jin,  L.  H.  Chen,  T.  H.  Tiefei,  M. 
Eibschutz,  R.  Ramesh 

Kevin  Pettit,  E.  Kita,  K.  Araga,  A. 
Tasaki,  M.  B.  Salamon 

K.  Ounadjela,  A.  Herr,  R.  Poinsot, 
J.  M.  D.  Coey,  A.  Fagan,  C.  R. 
Staddon,  D.  Daniel,  J.  F.  Gregg, 

S.  M.  Thompson,  K.  O’Grady,  S. 
Grieves 

V.  G.  Harris,  M.  Rubinstein,  B.  N. 
Das,  N.  C.  Koon 

M.  L.  Watson,  V.  G.  Lewis,  K. 
O’Grady 

A.  Waknis,  J.  A.  Barnard,  M.  R. 
Parker 

R.  S.  Beach,  D.  Rao,  M.  J.  Carey, 
F.  T.  Parker,  A.  E.  Berkowitz 


Gan  Qiu,  J.  A.  Barnard 

S.  H.  Urn,  Y.  S.  Choi,  T.  H.  Noh, 
I.  K.  Kang 

P.  Quintana,  E.  Amano,  R. 
Vaienzuela,  J.  T.  S.  Irvine 

K.  Y.  Kim,  J.  S.  Lee,  T.  H.  Noh, 

I.  K.  Kang,  T.  Kang 

M.  A.  Escobar,  J.  C.  Perron,  R. 
Barrue,  A.  R.  Yavari 

Horia  Chiriac,  Gheorghe  Pop, 
Firuta  Barariu,  Manuel  V^quez 


(Continued) 


6952  Tensor  components  of  the  magnetization  in  a  twisted  Fe-rich  amorphous 
-  wire 

6955  A  metastable  ternary  Nd-Fe-B  compound 

6958  Helical  anisotropy  and  Matteucci  effect  in  Co-Si-B  amorphous  wires  with 
negative  magnetostriction  (abstract) 

6959  The  rf  permeability  of  dc  planar  magnetron  sputtered  FeNi  multilayer  films 
(abstract) 

Applied  Superconductivity 

6960  Phase  transitions  in  the  one-dimensional  frustrated  quantum  XY  model 
and  Josephson-junction  ladders 

6963  Penetration  of  circularly  polarized  electromagnetic  fields  into 
superconductors  with  gradual  resistive  transitions 

6966  Magnetic  shielding  from  alternating  magnetic  field  by  NbH/Nb/Cu 
superconducting  multilayer  composite  cylinder 

6969  A  method  of  increasing  magnetic  energy  of  superconducting  magnetic 
energy  storage 

6972  Synthesis  of  high-temperature  superconducting  thin  films  in  microwave 
field 

Applied  Magnetics 

6975  Estimation  of  fatigue  exposure  from  magnetic  coercivity 

6978  Overview  of  applications  of  micromagnetic  Barkhausen  emissions  as 
noninvasive  material  characterization  technique 

6981  Monitoring  neutron  embrittlement  in  nuclear  pressure  vessel  steels  using 
micromagnetic  Barkhausen  emissions 

6984  Experimental  study  on  opening  compensation  for  magnetic  shields  by 
current  superposition 

6987  Effects  of  pole  flux  distribution  in  a  homopolar  linear  synchronous  machine 

6990  Compensation  of  field  distortion  with  ferromagnetic  materials  and 
permanent  magnets 

6993  Equivalent  structures  of  permanent  magnets  and  electric  currents  designed 
to  generate  uniform  fields 

6996  Thermal  magnetic  noise  due  to  eddy  currents  in  a  strip  wound  ferromagnetic 
core  at  4.2  K  (abstract) 

6996  Design  of  fast  acting  actuators  for  cryogenic  valve  applications  in  the 
ARIANE5-program  (abstract) 

Magnetic  Domalna  in  Soft  Magnetic  Materials 

6997  Barkhausen  transitions  in  single  layer  and  bilayer  thin  permalloy  films 

7000  Equation  of  motion  of  domain  walls  and  equivalent  circuits  in  soft 
ferromagnetic  materials 

7003  Pinned  domain-wail  structure  in  magnetic  field 

7006  Susceptibility  of  current-carrying  iron  whiskers 

7009  The  effects  of  demagnetizing  and  stray  fields  on  magnetoacoustic 
emission 

Magnetic  and  Electronic  structure 

7012  IR  spectroscopy  on  FeNi  and  FeR  Invar  alloys 


L  Kraus,  S.  N.  Kane,  M.  V^quez, 
G.  Rivero,  E.  Fraga,  A.  Hernando, 
J.  M.  Barandiaran 

B.  X.  Gu,  B.  G.  Shen,  H.  R.  Zhai 

J.  Yamasai-i,  M.  Takajo,  F.  B. 
Humphrey 

Craig  A.  Grimes,  Catherine  C. 
Ballantyne 


Enzo  Granato 
I.  D.  Mayergoyz 
Hiroaki  Otsuka,  Ikuo  Itoh 
T.  Morisue,  T.  Yajima 
Victor  I.  Kojuharoff 


Z.  J.  Chen,  D.  C.  Jiles,  J.  Kameda 
L  B.  Sipahi 

L.  B.  Sipahi,  M.  R.  Govindaraju, 

D.  C.  Jiles 

I.  Sasada,  Y.  Oonaka 

M.  J.  Balchin,  J.  R  Eastham,  P.  C. 
Coles 

Manllo  G.  Abele,  Henry  Rusinek, 
Franco  Bertora,  Alessandro 
Trequattrini 

M.  G.  Abele 

Yu.  V.  Maslennikov,  0.  Snigirev,  M. 
Cerdonio,  G,  A.  Prodi,  S.  Vitale 

Peter  Schiebener,  Alfred  Reiffer, 
Karl  Smirra 


G.  P.  Farrell,  E.  W.  Hill 

G.  Aguilar-Sahagun,  P.  Quintana, 
E.  Amano,  J.  T.  S.  Irvine,  R. 
Valenzuela 

Chai  Tak  Teh,  Huei  Li  Huang, 
Vladimir  L.  Sobolev 

J.  -G.  Lee,  A.  S.  Arrott 


D.  H.  L.  Ng,  C.  C.  H.  Lo,  J.  P. 
Jakubovics 


B.  Buchholz,  E.  F.  Wassermann, 
W.  Pepperhoff,  M.  Acet 


(Continued) 


7015  Anti-Invar  in  Fe-Ni 


7018  X-ray-absofption  fine  structure  of  selected  R2Fet7  nitrides 

7021  Exchange  stiffness  and  magnetic  anisotropies  in  bcc  Fe,  -xCo*  alloys 

7024  Approach  to  the  electronic  structure  of  antiferromagnets 

7027  Magnetization  density  in  URu2Si2  and  URh2Si2 

7030  Spectroscopic  studies  of  magnetic  transitions  in  TbP04 

7033  Magnetic  structures  of  itinerant  electron  systems  (abstract) 


M.  Acet,  T.  Schneider,  H.  Zahres, 
E.  F.  Wassermann,  W.  Pepperhoff 

T.  W.  Capehart,  R.  K.  Mishra,  R.  E. 
Pinkerton 

X.  Liu,  R.  Sooryakumar,  C.  J. 
Gutierrez,  G.  A.  Prinz 

J.  Callaway,  D.  G.  Kanhere,  A. 
Kolchin 

Alessandra  Continenza,  Patrizia 
Monachesi 

G.  K.  Liu,  C.-K.  Loong,  F.  Trouw, 
M.  M.  Abraham,  L.  A.  Boatner 

J.  Kubler,  L  Sandratskii,  M.  Uhl 


7034  Electrpnic  structure  and  spin-density  distribution  in  Y2Fei7  (abstract)  Ming-Zhu  Huang,  W.  Y.  Ching 


7034  Energetics  of  bcc-fcc  lattice  in  Fe-Co-NI  compounds  (abstract) 


E.  G.  Moroni,  T.  Jarlborg 


Correlated  ^Electron  Phenomena 

7035  Prediction  of  pressure-induced  changes  in  magnetic  ordering  of  Q.  G.  Sheng,  Bernard  R.  Cooper 

correlated-electron  uranium  systems  (invited) 

7041  Magnetic  properties  of  the  lattice  Anderson  model  H.  Q.  Lin,  H.  Chen,  J.  Callaway 

7044  Effects  of  doping  in  Kondo  insulators  (invited)  P.  Schlottmann 

7050  Structural  and  magnetic  ordering  in  the  cerium  hydride  (abstract)  R.  R.  Arons,  J.  K.  Cockcroft,  E. 

Ressouche 

7051  Recent  developments  in  multi-channel  Kondo  physics  (invited)  (abstract)  Kevin  Ingersent,  Barbara  A.  Jones 


Giant  Magnatoraslatanca  in  Multilayers 

7052  Giant  magnetoresistance  In  Feo.95Cro,o5/Cr  multilayer  films 

7055  The  effect  of  Au  impurities  at  the  interfaces  on  the  magnetoresistance  of 
MBE-grown  Co/Cu  multilayers 

7058  Low  field  giant  magnetoresistance  in  discontinuous  magnetic  multilayers 
7061  Epitaxial  spin-valve  structures  for  ultra-low-field  detection 


7064  Giant  magnetoresistance  with  low  saturation  field  in  (NixCotoo-x/Cu) 
multilayers 

7067  Hysteresis  reduction  in  NiFeCo/Cu  multilayers  exhibiting  large  low-field 
giant  magnetoresistance 

7070  Calculation  of  the  temperature  dependence  of  the  giant  MR  and  application 
to  Co/Cu  multilayers 

7073  Magnetization  reversal  in  CoFe/Ag/Fe/ZnSe  thin  layer  sandwiches 


7076  Effective  internal  fields  and  magnetization  buildup  for  magnetotransport  in 
magnetic  multilayered  structures 

7079  Structure  and  giant  magnetoresistance  in  sputtered  and  MBE  grown  Fe/Cr 
superlattices  (invited)  (abstract) 


L  H.  Chen,  S.  Jin,  T.  H.  Tiefel, 

R.  B.  Van  Dover,  E.  M.  Gyorgy, 

R.  M.  Fleming 

K.  P.  Wellock,  B.  J.  Hickey,  D. 
Greig,  M.  J.  Walker,  J.  Xu,  N. 

Wiser 

T.  L  Hylton,  K.  R.  Coffey,  M.  A. 
Parker,  J.  K.  Howard 

A.  Schuhl,  0.  Durand,  J.  R. 
Childress,  J.-M.  George,  L  G. 
Pereira 

X,  Bian,  J.  0.  Strom-Olsen,  Z. 
Altounian,  Y.  Huai,  R.  W.  Cochrane 

S.  Hossain,  D.  Seale,  G.  Qiu,  J. 
Jarratt,  J.  A.  Barnard,  H.  Fujiwara, 
M.  R.  Parker 

J.  L.  Duvail,  A.  Fert,  L.  G.  Pereira, 
D.  K.  Lottis 

D.  Bilic,  E.  Dan  Dahiberg,  A. 
Chaiken,  C.  Gutierrez,  P.  Lubitz, 

J.  J.  Krebs,  M.  Z.  Harford,  G.  A. 
Prinz 

Peter  M.  Levy,  Horacio  E. 
Camblong,  Shu^eng  Zhang 

Ivan  K.  Schuller,  David  M.  Kelly,  R. 
Schad,  M.  Potter,  Y.  Bruynseraede 


(Continued) 


7079 

Direct  measurement  of  spin  dependent  mean  free  paths  in  metais 
(abstract) 

Bruce  A.  Gurney,  Virgil  S.  Speriosu, 
Harry  Lefakis,  Dennis  R.  Wilhoit, 
Omar  U.  Need 

7080 

Giant  magetoresisiahce  iri  epitaxial  sputtered  Fe/Cr(211)  superiattices 
(absfract) 

M.  J.  Conover,  Eric  E.  Fullerton, 

J.  E.  Mattson,  C.  H.  Sowers,  S.  D. 
Bader ' 

Magmto-optic  Recording 

7081 

Compositional  dependence  of  the  structural  and  magnetic  properties  of 
RMnSb  films 

R.  Carey,  H.  Jenniches,  D.  M. 
Newman,  B.  W.  J.  Thomas 

7084 

Secondary  ion  bombardment  effects  on  the  magnetic  properties  arid 
micrbstructures  of  ioh-beam-deposited  TbFe  thin  films 

S.  Yatsuya,  M.  B.  Hintz 

7087 

Optical  and  magneto-optical  constants  of  Pr  substituted  TbFeCo  films 

R.  Carey,  D.  M.  Newman,  J.  P. 
Snelling,  B.  W.  J.  Thomas 

7090 

Thermal  stability  of  NdGd/FeCo  multilayers 

X.  Y.  Yu,  T.  Suganuma,  H.  Watabe, 
S.  Iwata,  S.  Tsunashima,  S. 
Uchiyama 

7093 

Physical  and  magnetic  microstructure  of  rapid  thermally  annealed  thin  film 
bismuth-doped  garnets 

W.  R.  Eppler,  B.  K.  Cheong,  D.  E. 
Laughlin,  M.  H.  Kryder 

7096 

Uniaxial  anisotropy  of  double-layered  garnet  films  and  magneto-optical 
recording  characteristics 

Katsuji  Nakagawa,  Seiji  Kurashina, 
Akiyoshi  Itoh 

7099 

Anisotropy  and  Faraday  effect  in  Co  spinel  ferrite  films 

H.  Y.  Zhang,  B.  X.  Gu,  H.  R.  Zhai, 
M.  Lu,  Y.  Z.  Miao,  S.  Y.  Zhang, 

H.  B.  Huang 

7102 

Magnetic  and  magneto-optical  properties  of  (Tb,Dy)Nd/FeCo  multilayers 
(abstract) 

X.  Y.  Yu,  Y.  Fujiwara,  H.  Watabe,  S. 
Iwata,  S.  Tsunashima,  S.  Uchiyama 

7102 

Magnetization  reversal  dynamics  in  CoR  alloys  and  Co/R  multilayers 
(abstract) 

J.  Valentin,  Th.  Kleinefeld,  D. 

Weller 

7103 

Amorphous  to  polycrystalline  transformation  of  (BIDy)IG  films  (abstract) 

H.  Y  Zhang,  B.  X.  Gu,  H.  R.  Zhai, 

Y  Z.  Miao,  M.  Lu.  T.  Tang,  H.  B. 
Huang 

7104 

Epitaxial  Bi-content  ferrite-garnet  film  memory  (abstract) 

E.  1.  H'yashenko,  V.  P.  Klin,  A.  D. 
NIckolsky,  A.  G.  Solovjov 

Magnetic  Aiioys  and  Compounda 

7105 

Ferromagnetism  of  YFe2H;f 

Kazuo  Kanematsu 

7108 

Longitudinal  and  transverse  magnetoresistance  and  magnetoresistive 
anisotropy  in  ternary  (Pdt  _xFe;r)95Mns  alloys 

Z.  Wang,  H.  P.  Kunkel,  Gwyn 
Williams 

7111 

Formation  and  magnetic  properties  of  Y2(Feo.8Gao.2)i7Cx  compounds 

Fang-Wei  Wang,  Un-Shu  Kong,  Lei 
Cao,  Ming  Hu,  Bao-Gen  Shen, 
Jian-Gao  Zhao 

7114 

Structural  and  magnetic  properties  of  Nd2(Fe,Ti)^9 

J.  M.  Cadogan,  Hong-Shuo  Li, 

R.  L.  Davis,  A.  Margarian,  S.  J. 
Collocott,  J.  B.  Dunlop,  P.  B.  Gwan 

7117 

Possible  ferrimagnetic  coupling  in  light-rare-earth  transition-metal 
intermetallic  compounds 

Z.  G.  Zhao,  F.  R.  de  Boer,  V.  H.  M. 
Duijn,  K.  H.  J.  Buschow,  Y  C. 
Chuang 

7120 

Magnetic  properties  of  a  novel  Pr-Fe-TI  phase 

Hong-Shuo  U  Suharyana,  J.  M. 
Cadogan,  G.  J.  Bowden,  Jian-Min 
Xu,  S.  X.  Dou,  H.  K.  Uu 

7122 

Magnetic  properties  of  Gd(Fei  -xCOx)9Ti2  alloys 

Suharyana,  J.  M.  Cadogan, 
Hong-Shuo  U,  G.  J.  Bowden 

7125 

Magnetic  resonance  in  PdFe  alloys  near  Tf. 

A.  N.  Medina,  V.  S.  Oliveira,  F.  G. 
Gandra,  A.  A.  Gomes 

(Continued) 


7128  Effects  of, Co  and  Y  substitution  on  magnetic  properties  of  CeFea 

71 31  Preparation  and  magnetic  properties  of  BaM  films  with  excellent  crystallinity 
by  Xe  sputtering 

7134  MagnetiC'ordering  in  UCoNiSi2  and  UCoCuSi2  studied  by  ac-susceptibility 
and  neutron-diffraction  measurements 

7137  Ferromagnetic  ordering  in  dilute  PdCo  alloys 

7140  Magnetic  susceptibility  of  RC03B2  (R=Y,  Sm,  Gd,  and  Dy) 

7143  ^^^La  nuclear  quadrupole  resonance  and  relaxation  in  Zn-doped  La2Cu04 

7146  nuclear-magnetic-resonance  study  of  magnetic  ordering  in  Sr2Cu02Cl2 
single  crystal 

7149  Magnetic  effects  in  Cr-Mn  alloy  single  crystals  containing  0.05  and  0.1 
at.  %  Mn 

7152  Antiferromagnetism  of  metastable  Cr-rich  Cr-Gd  alloys 

7155  Magnetic  properties  of  two  new  compounds;  Gd2Ni3Si5  and  Sm2Ni3Sis 


7158  Low-field  ac  magnetic  susceptibility  under  pressure  in  GdMn2  and  TbMn2 
intermetallics 

7161  Time  evolution  of  magnetization  in  the  FeRh  system  near 
antiferromagnetic-ferromagnetic  transition  temperature  (abstract) 

7161  Unusual  magnetic  properties  and  time  dependent  magnetization  in 
ErC03Ga2  (abstract) 

Blomagnetitm,  Magnetochemlatry,  and  Magnetic  Separation 

71 62  Effects  of  magnetic  fields  on  fibrinolysis 


Xianfeng  Zhang,  Naushad  All 

N.  Matsushita,  K.  Noma,  S. 
Nakagawa,  M.  Naoe 

Moshe  Kuznietz,  Haim  Pinto, 
Mordechai  Melamud 

R.  E.  Parra,  A.  C.  Gonzalez 

H.  Ido,  M.  Nanjo,  M.  Yamada 

M.  Corti,  A.  Lascialfari,  A.  Rigamonti, 
F.  Tabak,  F.  Ucci,  L.  Raffo 

M.  Corti,  F.  Borsa,  L.  L.  Miller,  A. 
Rigamonti 

P.  Smit,  H.  L.  Alberts 

Jen  Hwa  Hsu,  Y.  W.  Fu 

Chandan  Mazumdar,  R.  Nagarajan, 

L.  C.  Gupta,  R.  Vijayaraghavan,  C. 
Godart,  B.  D.  Padalia 

M.  R.  Ibarra,  Z.  Arnold,  C.  Marquina, 
L.  Garcia-Orza,  A.  del  Moral 

Shinji  Yuasa,  Yoshichika  Otani, 
Hideki  Miyajima 

Naushad  Ali,  Xianfeng  Zhang 


M.  Iwasaka,  S.  Ueno,  H.  Tsuda 


7165  Early  embryonic  development  of  frogs  under  intense  magnetic  fields  up  to 
8T 

7168  Influence  of  spreading  neuronal  electric  sources  on  spatio-temporal 
neuromagnetic  fields 

7171  Magnetite  coating  prepared  by  ferrite  plating  on  expanded 
polytetrafluoroethylene  membrane  for  medical  use 

7174  Redistribution  of  dissolved  oxygen  concentration  under  magnetic  fields  up 
to8T 

7177  Properties  of  diamagnetic  fluid  in  high  gradient  magnetic  fields 


S.  Ueno,  M.  Iwasaka,  K.  Shiokawa 
K.  Iramina,  K.  Ueno,  S.  Ueno 
Q.  Zhang,  T.  Itoh,  M.  Abe 
S.  Ueno,  M.  Iwasaka,  T.  Kitajima 
S.  Ueno,  M.  Iwasaka 


7180  Influence  of  ultraworking  frequency  alternating  weaking  magnetic  field  on 
the  microvasculture  of  mice  (abstract) 

7181  Enzymatic  oxidation-reduction  processes  under  magnetic  fields  up  to  8  T 
(abstract) 

7181  Induction  of  mutations  by  magnetic  field  for  the  improvement  of  sunflower 
(abstract) 

7182  The  magnetic  transformation  of  iron  hydroxides  under  the  action  of 
micro-organism  (Azotobacter  vinelandii)  (abstract) 

7182  Magnetic  properties  of  heterotrophic  bacteria  (abstract) 

7183  Spin-glass  structures  in  biological  systems  (abstract) 


Ningjiang  Yang,  Changmin  Zhang 
M.  Iwasaka,  S.  Ueno 
V.  Kiranmai 


Nadezda  V.  Verkhovtseva,  Irina  V. 
Shpilkina,  Vyacheslav  F.  Babanin 

Nadezda  V.  Verkhovceva,  Irina  N. 
Glebova,  Anatoly  V.  Romanuk 

Alexandre  I.  Tsapin,  L.  A. 
Blumenfeld 


(Continued) 


7183  The  testing  of  action  of  chemical  extracts  on  soils  by  magnetic  methods 
(abstract) 

7184  The  magnetic  diagnostics  of  cosmic  and  industrial  silt  in  humus  horizons 
of  soils  (abstract) 

7185  Dislocation  etching  of  flux  grown  strontium  hexaferrite  single  crystals 
(abstract) 

7186  Dipole-dipole  interactions  in  KEr(Mo04)2  (abstract) 

7186  Database  of  magnetochemistry  in  solutions  (abstract) 

7187  The  magnetodynamic  filters  in  monitoring  the  contaminants  from  polluted 
water  systems  (abstract) 

AUTHOR  INDEX 


Vyacheslav  F.  Babanin,  Irina  V. 
Shpilkina,  Alexandr  V.  Ivanov 

Vyacheslav  F.  Babanin,  Irina  V. 
Shpikina,  Sergei  A.  Shoba, 
Alexander  V.  Ivanov 

Un/ashi  Raina,  Sushma  Bhat,  R  N. 
Kotru,  F.  Licci 

A.  G.  Anders,  S.  V.  Volotskii,  0.  E. 
Zubkov 

0.  Ju.  Tarasov,  A.  G.  Vinogradov 
R.  Swarup,  Bharat  Singh 


A  publication  of  the  American  Institute  of  Physics,  500  Sunnyside  Blvd.,  Woodbury,  NY  11797-2999 


Information  for  Contributors 

Send  manuscripts  to  the  Journal  of  Applied  Physics,  Argonne  Na¬ 
tional  Laboratory,  P.O.  Box  8296,  Argonne,  III.  60439-8296. 

For  general  format  and  style  consult  recent  issues  of  the  journal 
and  the  1990  Fourth  Edition  of  the  AIR  Style  Manual,  published  by  the 
American  Institute  of  Physics.  It  may  be  obtained  for  $1 0.00  (payment 
must  be  enclosed)  from  the  American  Institute  of  Physics,  c/o  AIDC, 
64  Depot  Road,  Colchester,  VT  05446,  800-488-2665. 

Two  types  of  manuscripts  are  acceptable:  fulMength  and  Com* 
munlcaUons.  The  latter  are  short  contributions  not  exceeding  in 
length  nine  double-spaced  typewritten  pages  or  three  printed  pages 
including  allowances  for  illustrations,  references,  and  tables.  Ab¬ 
stracts  are  required  for  manuscripts  of  both  types. 

The  Manuscript,  including  the  abstract,  references,  and  captions, 
should  be  neatly  typed  in  English,  double-spaced,  on  one  side  of  good 
letter-size  21 .6  x  28-cm  (8  X 1 1  -in.)  white  paper  with  ample  margins.  It 
should  be  carefully  proofread  by  the  author.  Unclear  or  excessive 
handwritten  insertions  are  not  acceptable.  Number  all  pages  in  single 
sequence  beginning  with  the  title  and  abstract  page.  Authors  should 
submit  three  clear  copies  of  the  manuscript  Including  original  India  Ink 
drawings  or  high  contrast,  glossy  prints,  and  if  necessary  for  the  re¬ 
viewer's  use,  a  second  set  of  equal  quality. 

The  Title  should  be  concise  but  informative  enough  to  facilitate 
information  retrieval.  The  Abstract  should  be  self-contained  (contain 
no  footnotes).  It  should  be  adequate  as  an  index  (giving  all  subjects, 
major  and  minor,  about  which  new  Information  is  given),  and  as  a 
summary  (giving  the  conclusions  and  all  results  of  general  interest  in 
the  article).  It  should  be  about  5%  of  the  length  of  the  article,  but  less 
than  500  words  for  full-length  articles  and  correspondingly  shorter  for 
Communications.  It  must  appear  on  Its  own  sheets  separate  from  the 
text. 

"Part  I,"  or  simply  "I,"  will  not  be  included  as  part  of  the  title  of  an 
article  unleSv  Part  II  has  already  been  submitted  for  publication  in  this 
Journal.  Part  III,  IV,...,  etc.,  are  likewise  unacceptable  unless  the  prior 
parts  have  already  been  accepted  or  have  appeared  in  this  Journal, 
and  are  properly  identified  in  the  references. 

Author’s  names  should  preferably  be  written  In  a  standard  form 
for  all  publications  to  facilitate  Indexing  and  avoid  ambiguities. 

Equations  should  be  neatly  typed  or  written  in  ink,  punctuated  and 
aligned  to  bring  out  their  structure,  and  numbered  on  the  right.  Math¬ 
ematical  operation  signs  indicating  continuity  of  the  expressions 
should  be  placed  at  the  left  of  the  second  and  succeeding  lines.  Use 
X  rather  than  a  centered  dot,  except  for  scalar  products  of  vectors. 
The  solidus  (/)  should  be  used  instead  of  built-up  fractions  in  running 
text,  and  in  dispiay  wherever  clarity  would  not  be  jeopardized.  Use 
"exp"  for  compiicated  exponents. 

Notation  must  be  legible,  clear,  compact,  and  consistent  with 
standard  usage.  All  unusual  or  handwritten  symbols  whose  identity 
may  not  be  obvious  must  be  Identified  in  the  margin  the  first  time  they 
appear,  and  at  all  subsequent  times  when  confusion  might  arise.  Su¬ 
perscripts  are  normally  set  directly  over  subscripts;  authors  should 
note  where  readability  of  the  meaning  requires  a  special  order.  If  there 
id  any  possibility  of  confusion,  indicate  superscripts  by  a  black  pen¬ 
ciled  V  underneath  the  superscript  and  subscripts  by  a  black  pen¬ 
ciled  A  over  the  subscript. 

References  and  footnotes  are  treated  alike.  They  must  be  num¬ 
bered  consecutively  in  order  of  first  appearance  in  the  text  and  should 
be  given  in  a  separate  double-spaced  list  at  the  end  of  the  text  nia- 
terial.  Reference  should  be  made  to  the  full  list  of  authors  rather  than 
to  first  author  followed  by  an  abbreviation  such  as  et  al.  References 
within  tables  should  be  designated  by  lower-case  Roman  letter  su¬ 
perscripts  and  given  at  the  end  of  the  table.  For  the  proper  form,  see 
the  AiP  Style  Manual  and  recent  issues  of  this  journal.  The  number  of 
a  grant  or  contract  is  meaningless  to  our  readers  and  should  be 
omitted  unless  Its  inclusion  is  required  by  the  agency  that  supports 
the  research. 


Separate  Tables  (with  Roman  numerals  in  the  order  of  their  ap¬ 
pearance)  should  be  used  for  all  but  the  simplest  tabular  material; 
they  should  have  captions  that  make  the  tables  intelligible  without 
references  to  the  text.  The  structure  should  be  clear,  with  simple 
column  headings  giving  all  units.  Unaltered  computer  output  and  no¬ 
tation  are  generally  unacceptable.  Long  tables  should,  if  possible,  be 
submitted  in  a  form  ready  for  direct  photoreproduction.  Information  on 
the  preparation  of  camera-ready  tables  appears  In  the  back  of  J.  Appl. 
Phys.,  Vol.  73,  No.  2, 15  January  1993. 

Figures  should  not  be  larger  than  and  preferably  approximately 
the  same  size  as  the  typewritten  page  so  that  they  can  be  contained 
in  ordinary  mailing  envelopes.  Smaller  figures  are  less  likely  to  be  lost 
if  pasted  on  paper  of  this  size.  Figures  should  be  planned  for  the 
8.5-cm  (3|-in.)  column  width  of  the  journal.  In  some  cases  where  the 
figures  contain  a  great  deal  of  detail,  l|  or  2  columns  may  be  used,  at 
the  copy  editor’s  discretion.  The  lettering  and  plotied  points  on  the 
figures  should  be  large  and  clear  enough  so  that  they  will  be  legible 
after  reduction  (their  final  size  should  be  no  less  than  2  mm).  Figures 
should  be  Identified  on  the  back,  by  their  number,  the  name  of  the  first 
author,  and  the  journal.  The  numbering  should  be  In  the  order  in  which 
they  are  referred  to  in  the  text.  Each  figure  must  have  its  own  caption; 
list  captions  on  a  separate  sheet.  Graphs  should  have  properly  la¬ 
beled  axes  with  correctly  abbreviated  units  (see  AIP  Style  Manual). 
The  form  RxlO^  fl,  for  example,  Is  ambiguous  and  undesirable;  use 
either  fl(10®  O)  or  lO'®  R  (n). 

Maximum  black-white  contrast  Is  necessary.  We  require  original 
India-ink  drawings  or  good  clear  glossy  prints.  Avoid  small  open  sym¬ 
bols  that  tend  to  fill  In  upon  reduction,  small  dots  and  decimal  points, 
and  lines  that  are  not  thick  enough  to  withstand  reduction.  Avoid 
photographs  of  apparatus  by  providing  schematic  line  diagrams  in¬ 
stead,  and  replace  oscillograph  photographs  by  black-ink  tracings 
wherever  possibie.  For  complete  Instructions  see  the  AIP  Style  Mam 
ual. 

Correapondence:  The  Editor  strongly  prefers  to  correspond  di¬ 
rectly  with  the  author  rather  than  through  the  reports  division  or 
through  executives  of  the  author's  laboratory.  Manuscripts  returned  to 
authors  for  revision  should  be  returned  to  the  Editor  within  three 
months.  A  manuscript  returned  later  than  this  will  generally  be  re¬ 
garded  as  newly  submitted  and  will  receive  a  new  receipt  date. 

Authors  whose  manuscripts  have  been  accepted  for  publication 
will  receive  a  letter  informing  them  of  the  issue  for  which  it  is  tenta¬ 
tively  scheduled.  All  subsequent  correspondence  about  the  paper 
should  be  addressed  to  Editorial  Supervisor,  Journal  of  Applied  Phys¬ 
ics,  American  Institute  of  Physics,  500  Sunnyside  Blvd.,  Woodbury, 
NY  117^/.  Please  do  not  address  correspondence  about  proof,  re¬ 
prints,  return  of  art  work,  publication  charges,  etc.,  to  the  Editor.  To  do 
so  simply  delays  the  appropriate  action  and  reply. 

General  information  regarding  publication  charges,  copyrights, 
and  similar  material  may  be  found  on  the  inside  frc  rt  cover  of  each 
issue. 

Use  this  checklist  to  avoid  the  most  common  mechanical  errors  In 
submitted  manuscripts. 

1.  The  manuscript  must  be  double-spaced  throughout. 

2.  Number  all  pages  in  sequence. 

3.  Type  title  and  abstract  on  a  separate  first  page. 

4.  Type  list  of  references  (including  footnotes),  list  of  figure  cap¬ 
tions,  and  tables  on  pages  separate  from  each  other  and  from 
the  main  text. 

5.  Type  references  in  the  style  used  by  AIP  journals. 

6.  Provide  marginal  notes  to  clarify  symbols  and  expressions  fcr 
the  compositor. 

7.  The  original  figures  must  be  line  drawings  in  India  ink  or  high- 
contrast,  glossy  prints  not  larger  than  21.6x28  cm. 

8.  Submit  (a)  three  clear  copies  with  clear  copies  of  figures  and  (b) 
the  original  figures. 


Hard  Magnets  ili-Substitutionai 
Alloys  and  Novel  Materials 


Z,  Altounian  and  F.  Pourarian,  Chairmen 


Magnetic  phase  diagram  of  (rbi-xGdx)FetiTi  alloys 

L.  C.  G.  M.  Nagamine  and  H.  R.  Rechenberg 

Instituto  de  Fisica,  Universidade  de  Sdo  Paulo,  C.  P.  20516,  01452-990  Sao  Paulo,  Brazil 

R  A.  Algarabel  and  M.  R.  Ibarra 

DFMC  and  ICMA,  Universidad  de  Zaragoza,  Plaza  de  San  Francisco  sin,  50009  Zaragoza,  Spain 

The  spin  reorientation  transition  (SRT)  in  (Tbi_^Gd;()FejiTi  alloys  has  been  studied  by  using 
susceptibility,  angular-dependent  magnetization,  and  Mossbauer  measurements.  Alloys  with  x:<0.4 
are  shown  to  undergo  an  axial-to-planar  SRT  on  cooling,  while  alloys  with  x^OA  remain  axial 
down  to  4.2  K.  TbFeuTi  has  an  easy-axis  magnetization  at  room  temperature.  A  theoretical 
magnetic  phase  diagram  for  the  (Tbi  _;fGd^)Fejj'n  system  has  been  calculated,  showing  reasonable 
agreement  with  experiment. 


I.  INTRODUCTION 

Rare  earth-transition  metal  compounds  with  the  ThMni2 
structure  exhibit  a  variety  of  spin  reorientation  (SR)  phenom¬ 
ena  arising  from  competition  between  comparable  and  oppo¬ 
site  anisotropy  energies  of  the  RE  and  TM  sublattices.'  The 
former  can  be  calculated  with  a  single-ion  model  for  the  RE 
crystalline  electric  field  (CEF)  interaction  and  a  mean-field 
model  for  the  RE-TM  exchange  interaction.  Coey  and 
co-workers^  have  determined  a  complete  set  of  CEF  coeffi¬ 
cients  (i.e.,  B®,  Bi,  BI,  and  Bg)  from  an  analysis  of 

single-crystal  magnetization  data  for  DyFenTi.  The  magnetic 
phase  diagram  of  other  (RE)Fc,iTi  compounds  can  be  calcu¬ 
lated  by  appropriate  scaling  of  these  coefficients  for  the  cor¬ 
responding  (RE)^^  ions,  using  standard  atomic  parameters. 
Agreement  with  experimental  data  is  generally  good,  except 
for  TbFejiH.  For  this  compound,  a  first-order  SR  is 
predicted^  to  occur  at  130  K,  which  is  much  lower  than  ex¬ 
perimentally  observed  transition  temperatures.  A  SR  has  in¬ 
deed  been  reported  to  occur  at  450  K  by  Hu  et  at  325 
K  by  Boltich  et  al.,*  at  285  K  by  Zhang  el  al,^  at  339  K  by 
Kou  et  al.,^  and  at  250  K  by  Andreev  et  al?  The  significant 
discrepancies  among  these  data  are  to  be  noted.  On  the  other 
hand,  there  is  general  agreement  that  the  transition  is  of  the 
easy  axis-easy  plane-type  for  descending  temperatures.  A 
second,  planar-to-conical  transition  has  been  reported'  to  oc¬ 
cur  at  ==220  K,  but  was  not  confirmed  in  later  experiments. 

In  this  paper  we  report  a  study  of  the  spin  reorientation 
in  TbFeiiTi,  using  three  experimental  techniques:  Low-field 
ac  susceptibility,  angular-dependent  magnetization,  and 
Mossbauer  spectroscopy.  In  addition,  Gd-substituted  alloys 
were  also  studied,  in  order  to  investigate  the  effect  of  reduc¬ 
ing  the  average  RE  anisotropy  in  a  controlled  manner. 

II.  EXPERIMENT 

(Tbi  _;fGd_,)FeiiTi  samples  with  x=0,  0.2,  0.3,  0.4,  and 
0.6  were  prepared  by  arc  melting  near-stoichiometric 
amounts  of  pure  metals  under  argon,  and  annealed  at  850  °C 


for  ten  days.  The  ThMni2  structure  was  checked  by  x-ray 
diffraction.  A  small  amount  of  a-Fe  was  present  in  some 
samples,  but  TiFe2  was  not  delected. 

The  susceptibility  of  powdered  samples  was  measured 
with  a  modified  mutual  inductance  Hartshorn  bridge  operat¬ 
ing  at  15  Hz.  Magnetization  measurements  were  performed 
on  magnetically  aligned  powders  by  means  of  an  extraction 
magnetometer.  Magnetic  alignment  was  achieved  by  fixing 
the  alloy  powders  in  epoxy  resin  at  =“70  °C  in  a  field  of  5 
kOe.  In  magnetic  polar  plot  experiments,  the  oriented  sample 
was  rotated  in  a  constant  field  of  5  kOe  provided  by  an 
electromagnet,  and  both  parallel  (A/j))  and  perpendicular 
(Mi)  components  of  magnetization  with  respect  to  the  ap¬ 
plied  magnetic  field  were  measured  as  a  function  of  tl.  v  ro¬ 
tation  angle.®  Magnetization  curves  with  fixed  sample  and 
variable  applied  field  (0-20  kOe)  were  also  measured.  All 
above-mentioned  experiments  could  be  done  in  the  4.2-300 
K  temperature  range. 

Mossbauer  spectra  were  measured  with  a  constant- 
acceleration  spectrometer  in  the  78-300  K  range,  using  a 
Rh(®’Co)  source. 

III.  RESULTS  AND  DISCUSSION 
A.  TbFe„Tl 

The  ternary  compound  is  of  sufficient  interest  to  warrant 
a  separate  discussion.  The  first  question  to  be  addressed  is 
whether  TbFeuTi  is  axial  or  planar  at  room  temperature:  As 
mentioned  in  Sec.  I,  opposite  answers  are  given  in  Refs.  5 
and  6.  In  the  present  work,  it  can  be  safely  assumed  that  the 
alloy  was  easy  axis  at  the  powder  alignment  temperature  of 
=345  K.  The  magnetization  curves,  measured  at  room  tem¬ 
perature  with  //„!  both  parallel  and  perpendicular  to  the 
alignment  direction,  revealed  substantial  anisotropy,  giving 
us  a  first  evidence  that  the  magnetization  remained  axial  at 
296  K. 

We  next  consider  Mossbauer  spectra.  The  intensities  of 
the  absorption  lines  in  an  ^^Fe  magnetically  split  six-line 
spectrum  are  in  the  ratio  3:a:l:l:a:3,  where 
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FIG.  1.  Mossbauer  spectra  of  aligned  TbFei,Ti  powder,  with  gamma-ray 
beam  parallel  to  magnetic  alignment  direction.  Vertical  bars  indicate  0.2% 
absorption.  Am=0  lines  are  indicated  by  arrows. 


4(sin^  ff) 

°  l  +  {cos^  6) 

and  6  is  the  angle  between  the  hyperfine  field  and  the 
gamma-ray  propagation  direction.’  Thus  the  relative  intensi¬ 
ties  of  the  second  and  fifth  lines  (Am=0  lines)  provide  in¬ 
formation  on  the  local  magnetization  direction. 

The  magnetically  aligned  TbFenH  sample  was  cut  per¬ 
pendicularly  to  the  alignment  axis  in  thin  slices,  which  were 
assembled  to  form  a  flat  absorber  and  mounted  perpendicu¬ 
larly  to  the  gamma  radiation  beam.  For  this  geometry,  the 
Am=0  spectral  lines  are  expected  to  be  weak  (totally  absent 
for  a  perfectly  aligned  powder).  Figure  1  shows  spectra  mea¬ 
sured  at  296  and  79  K.  Owing  to  the  poor  counting  statistics 
caused  by  the  small  sample  area,  a  quantitative  fit  could  not 
be  made.  Nevertheless,  a  marked  increase  of  the  Am  =0  lines 
intensity  on  cooling  can  be  clearly  seen.  This  result  suggests 
a  spin  reorientation  toward  the  absorber  plane  (i.e.,  away 
from  the  c  axis)  to  occur  between  296  and  79  K.  The  non¬ 
vanishing  intensity  of  the  Am=0  lines  at  room  temperature 
is  due  to  imperfect  alignment  of  the  crystallites  in  our 
sample,  and  should  not  be  taken  as  evidence  for  e.g.,  a  coni¬ 
cal  spin  structure. 

Reorientation  transitions  are  made  most  visible  in  angu¬ 
lar  dependent  magnetization  experiments.  When  a  magneti¬ 
cally  aligned  sample  is  rotated  with  respect  to  the  applied 
field  direction,  the  magnetization  parallel  component  Af  g  is  a 
maximum  (minimum)  if  the  easy  direction  is  parallel  (per¬ 
pendicular)  to  the  field.  Some  A/j  vs  8  plots  for  TbFcjiTi  are 
shown  in  Fig.  2,  where  8=0°  or  180°  denotes  the  alignment 
direction.  The  positions  of  the  maxima  did  not  change  in  the 
296  K>r>200  K  range,  while  they  are  shifted  by  90°  I  ;low 
this  range.  At  r=200  K  the  A/g  vs  8  curve  is  nearly  flat, 
indicating  the  anisotropy  energy  goes  through  zero  close  to 
this  temperature,  which  characterizes  a  spin  reorientation. 

The  canting  angle  a  of  the  magnetization  with  respect  to 
the  c  axis  can  be  determined  from  the  shape  of  the  A/g  vs  8 


FIG.  2.  Parallel  magnetization  component  of  aligned  TbFenTi  powder  vs 
rotation  angle  with  respect  to  the  applied  field  (H=5  kOe).  Continuous 
curves  are  visual  guides. 


pattern.  Our  data  did  itot  reveal  an  easy  magnetization  direc¬ 
tion  with  a  intermediate  between  0°  and  90°  at  any  tempera¬ 
ture.  The  SR  in  TbFenTi  is  thus  confirmed  to  be  an  axial-to- 
planar  or  first-order  transition.  This  result  contrasts,  e.g., 
with  the  T =200  K  transition  in  DyFej,Ti,  which  is  of  axial- 
to-conical-type,  with  a  smoothly  increasing  on  cooling.*® 
The  ac  susceptibility  vs  T  curve,  shown  in  Fig.  3,  exhib¬ 
its  a  fairly  broad  peak  at  7=260  K.  It  is  reasonable  to  asso¬ 
ciate  this  anomaly  with  a  spin  reorientation.  This  result 
agrees  very  well  with  those  obtained  by  Andreev  et  al?  for  a 
TbFenTi  single  crystal,  from  both  ac  susceptibility  and  low- 
field  (200  Oe)  angular-dependent  magnetization  measure¬ 
ments.  It  is  noteworthy  that  the  vs  T  curve  shows  no 
anomaly  in  the  temperature  range  (r~200  K)  where  a  SR 


FIG.  3.  Low-field  susceptibility  of  (Tb|.;,Gd,)Fei,Ti  vs  tempeiature  (data 
were  arbitrarily  normalized  for  display). 
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FIG.  4.  Spin  reorientation  temperatures  of  (Tbi_,Gdj,)Fe„Ti  vs  (1-x),  de¬ 
termined  from  susceptibility  (O)  and  angular  dependent  magnetization  (□) 
measurements.  Curves  are  axial/planar  boundaries,  calculated  with  CEF  co¬ 
efficients  from  Ref.  2  (•  •  -)  and  with  new  values,  cf.  Table  I  ( — ^). 


was  determined  from  polar  plots.  The  striking  difference  be¬ 
tween  the  ^SR  values  determined  by  the  two  methods  can 
result  from  the  static  magnetic  field  applied  during  the  mag¬ 
netization  measurements.  Indeed,  the  sensitivity  of  to 
external  fields  has  been  experimentally  verified  for  this  ma¬ 
terial  by  Kou  etal.,^  and  interpreted  on  grounds  of  the  an¬ 
isotropy  smallness  near  the  transition  temperature.  Thus  the 
axial  spin  orientation  will  acquire  additional  stability  from  an 
external  field,  depressing  the  SR  temperature. 

We  should  like  to  comment  on  the  dispersion  of  data 
found  in  the  literature  for  the  TbFenTi  alloy.  The  isostruc- 
tural  (RE)Fei2-*y,  alloys  are  known  to  exhibit  a  broad  x 
range,  and  it  has  been  shown''  that  the  V  concentration  has  a 
strong  influence  on  their  magnetic  properties.  This  effect  is 
particularly  dramatic  for  TbFei2_^V;j,  where  the  Tb  sublat¬ 
tice  anisotropy  changes  sign  as  a  function  of  x."  Although 
no  comparable  solubility  range  has  been  reported  for  the  Ti 
alloys,  small  stoichiometry  variations  cannot  be  ruled  out, 
which  could  be  responsible  for  the  apparent  irreproducibility 
of  TbFe,jTi  properties. 

B.  (Tb,_,Gd,)Fe„TI 

Partial  substitution  of  Gd^"'^  S-state  ions  for  Tb^'*^  is  ex¬ 
pected  to  dilute  the  RE  sublattice  planar  anisotropy  and 
hence  to  lower  the  SR  temperature.  Our  results  confirm  this 
prediction,  both  from  susceptibility  (see  Fig.  3)  and  angular 
magnetization  measurements.  Measured  SR  temperatures  are 
displayed  as  a  function  of  x  in  Fig.  4.  No  transition  was 
observed  for  x^O.4. 

We  have  calculated  the  theoretical  magnetic  phase  dia¬ 
gram  for  this  system  with  the  formalism  described  in  Ref. 
12.  Crystal-field  and  exchange-field  parameters  were  taken 
from  Ref.  2,  with  CEF  coefficients  scaled  from  Dy^^  to  Tb^'*' 


TAB1£  I.  Tb?'^  ciystal-field  coefficients  used  in  magnetic  phase  diagram 
calculations'  (K). 


CEF 

coefficient 

Scaled  from 

Dy’^  data  (Ref.  2) 

This  work 

2.67X10“' 

2.85X10“' 

Bj 

-2.49X10"^ 

-1.10X10“’ 

Bi 

2.37X10“^ 

3.17X10“’ 

Bl 

-1.97X10“^ 

-1.97X10“’ 

Bi 

-4.93X10“* 

-4.93X10“* 

through  the  equation  B”=  0„{r'')A",  where  d„  is  the  Stevens 
coefficient  and  A"  is  assumed  to  be  independent  of  the  RE. 
These  coefficients  are  given  in  Table  I.  The  Fe  sublattice 
anisotropy  was  taken  to  be  that  of  YFe,jTi,'  and  no 

external  field  was  considered.  Free  energy  minimization 
yielded  the  canting  angle  a,  which  was  found  to  be  either  0° 
or  90®,  i.e.,  no  conical  structure  was  predicted  at  any  tem¬ 
perature  or  concentration.  It  was  found  that  a  minimum  Tb 
concentration  is  required  to  stabilize  an  easy-plane  magneti¬ 
zation  at  T=0  K.  The  calculated  SR  temperatures  were,  how¬ 
ever,  far  too  low,  as  shown  by  the  dashed  line  in  Fig,  4. 
Agreement  with  experiment  can  be  improved  with  small 
changes  in  the  B":  the  solid  curve  in  Fig.  4  has  been  calcu¬ 
lated  with  the  new  coefficients  given  in  Table  I.  Calculations 
showed  little  sensitivity  to  the  6th-order  coefficients,  so  these 
were  left  unchanged.  It  is  noteworthy  that  the  largest  change 
required  was  on  B\  and  ^4.  This  fact  confirms  the  relative 
importance  of  the  fourth-order  CEF  terms  for  the  magnetic 
behavior  of  1-12  compounds. 
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The  magnetic  phase  diagram  of  the  alloy  series  NdFe,2_;(MO;(  (x=1.0~2.5)  is  obtained.  Below 
the  Curie  temperature,  the  fenomagnetic  phase  is  divided  into  three  regions:  Uniaxial,  canted  1,  and 
canted  2.  At  a  temperature  of  (below  200  K)  a  spin  reorientation  transition  (SRT)  was  observed 
for  all  the  samples,  and  at  T^r2  (above  200  K)  another  SRT  was  found  for  samples  with  Mo 
concentration  1.5<x<1.75.  At  room  temperature  the  easy  direction  of  magnetization  (EDM)  of 
.  NdFej2_;tMO;t  changes  from  the  c.,axis  to  a  canted  structure  with  increasing  Mo  concentration,  with 
a  critical  composition  of  x=1.56.  At  low  temperatures  (below  100  K)  all  NdFei2-;tMo^ 
compounds  exhibit  a  canted  moment  structure. 


I.  INTRODUCTION 

Among  nitrided  copipounds  having  the  ThMn]2  struc¬ 
ture,  the  Nd-Fe-Mo  system  is  the  most  attractive  one  for  the 
study  of  permanent  magnet  materials.  Recent  experimental 
results  showed  that  the  intrinsic  magnetic  properties  of 
RFej2_;tMO;,Ny  gets  better  with  lower  Mo  concentration. 
For  example  the  Curie  temperature,  the  room  temperature 
saturation  magnetization  fioM.,  and  anisotropy  field  of  the 
NdFei2-,Mo^N^  nitride  with  jk=1.0  is  654  K,  120  JT“* 
kg“',  and  9.5  T,  respectively,  ‘  which  makes  the 
NdFei2_^MO;(Nj,  nitride  be  a  very  good  candidate  for  perma¬ 
nent  magnet  application.^"^  However  the  nature  of  the  mag¬ 
netocrystalline  anisotropy  of  the  parent  alloy  NdFe|2-;tMo^ 
is  not  yet  quite  clear,  therefore  we  investigated  the  magnetic 
structure  of  this  series  in  detail  and  obtained  its  magnetic 
phase  diagram. 

II.  EXPERIMENT 

The  NdFei2-;,Mo^  alloys  with  x=1.0,  1.25,  1.5,  1.56, 
1.62,  1.68,  1.75,  2.0,  and  2.5  were  prepared  by  arc  melting 
the  elements  with  purity  better  than  99.5%  under  purified 
argon  gas  and  annealing  in  vacuum  at  a  temperature  range  of 
1050  °-1150  "C  for  several  hours.  The  quality  of  the  com¬ 
pounds  was  checked  by  both  powder  x-ray  diffraction  (XRD) 
with  Ca~Ka  or  Cu-X^  radiation  and  by  thermomagnetic 
analysis  (TMA)  methods.  The  spin  reorientation  transition 
was  determined  by  TMA  in  the  temperature  range  from  ’’1 K 
to  the  Curie  temperature  using  a  vibrating  sample  magneto¬ 
meter  (VSM)  in  an  applied  field  of  40  mT  and  also  by  ac 
susceptibility,  measurements  with  an  ac  field  of  0.1  mT 
and  a  frequency  of  314  Hz  in  the  temperature  range  of  4.2- 
300  K. 

The  nature  of  the  magnetocrystalline  anisotropy  and  its 
temperature  dependence  were  studied  by  using  x-ray  diffrac¬ 
tion  at  room  temperature  and  using  an  extracting  sample 
magnetometer  in  the  temperature  range  of  4.2  -300  K  on 
magnetically  aligned  powders  bonded  using  epoxy  resin. 

III.  RESULTS  AND  DISCUSSION 

Typical  x-ray  diffraction  patterns  for  NdFei2-^Mo^  are 
given  in  Fig.  1.  All  annealed  alloys  are  single  phase  with  the 


ThMnj2  structure  except  x= 1,  which  has  a  little  a-Fe  impu¬ 
rity. 

The  temperature  dependencies  of  the  ac  susceptibility 
Xac(T)  of  different  samples  are  shown  in  Fig.  2.  It  can  be 
seen  clearly  that  there  are  cusps  on  the  Xic{T)  curves  which 
indicate  that  the  spin  reorientation  transitions  occur  in  all  of 
the  samples.  This  phenomenon  is  often  observed  in  R-Fe 
compounds,  for  example,  Nd2Fei4B,^  Tm2Fei7Q,’  and 
DyFcjiTi®  among  others.  In  the  alloys  with  Mo  concentration 
1.5<x<1.75,  two  spin  reorientation  temperatures  were  ob¬ 
served:  One  is  below  and  the  other  is  above  200  K.  The 
thermomagnetic  analysis  traces  M(T)  at  low  field  are  shown 
in  Fig.  3.  The  magnetic  phase  transition  temperatures  for 
different  samples.  Curie  temperatures  Tc,  spin  reorientation 
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FIG.  1.  X-ray  diffraction  pattern  of  powder  samples  for  NdFe^-^Mo,  with 
x=1.0  and  1.75. 
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FIG.  2.  Temperature  dependence  of  the  ac  susceptibility  in  several 
NdFe,j.j,Mo^  compounds. 

temperatures  T^ri  and  r^r2>  listed  in  Table  I  and  plotted 
in  Fig,  4.  The  Curie  temperature  increases  linearly  with 
decreasing  Mo  concentration,  while  the  variations  in  the  spin 
reorientation  temperature  T^r  arc  complex.  For  T„ 

increases  slowly  with  Mo  concentration.  At  je  =  1 . 5  T^r  starts 
to  split  into  two  branches:  One  increases  rapidly  and  the 
other  decreases  slowly.  They  divide  the  ferromagnetic  state 
into  three  regions. 

In  order  to  distinguish  the  type  of  magnetocrystalline 
anisotropy  in  regions  A  and  B  in  Fig.  4,  we  performed  x-ray 
diffraction  experiments  on  aligned  powder  samples  at  room 
temperature  for  all  alloys.  Figure  5  shows  x-ray  diffraction 
patterns  of  two  typical  compositions  with  x= '..5  and  2.0, 
which  are  located  in  the  regions  A  and  B,  respectively.  The 
pattern  of  the  sample  with  a:  =  1.5  has  one  dominant  reflec¬ 
tion,  namely  the  (002)  line.  This  result  shows  that  the  align¬ 
ment  direction  of  the  sample  with  Ar=  1.5  is  parallel  to  the  c 
axis,  in  other  words,  the  sample  with  Jr  =1.5  possesses 
uniaxial  anisotropy.  The  x-ray  diffraction  patterns  of  other 
aligned  powder  samples  located  in  region  A  are  similar  to 
that  of  j:=1.5,  therefore  the  magnetocrystalline  anisotropy 
of  all  alloys  in  region  A  is  uniaxial.  For  the  sample  with 
j:=2.0,  the  x-ray  diffraction  pattern  of  the  aligned  powder 
sample  is  different.  The  pattern  is  similar  to  that  of  non- 
aligned  samples  (see  Fig.  1).  The  intensity  of  the  (400)  line 
increases  lightly  and  the  intensities  of  (002),  (202),  and  (222) 
obviously  decreases.  This  pattern  cannot  be  attributed  to  the 
uniaxial  nor  the  easy-plane  anisotropy,  therefore  the  alloy 
with  j:=2.0  has  a  canted  moment  structure.  Similar  x-ray 
patterns  of  all  the  other  samples  in  region  B  show  that  they 


FIG.  3.  Thermomagnetic  analysis  curves  of  several  NdFe,2-,Mo^  com¬ 
pounds  in  a  magnetic  field  of  400  Oe. 

have  the  same  canted  type  of  magnetocrystalline  anisotropy. 
The  above  results  were  confirmed  by  the  magnetization  mea¬ 
surements  on  aligned  powder  samples. 

Figure  6  shows  magnetization  curves  of  the  aligned 
powder  sample  with  Mo  concentration  of  j:=  1.62  in  direc¬ 
tions  parallel  and  perpendicular  to  the  alignment  direction  at 
4.2,  200  and  300  K,  representing  the  three  different  ferro¬ 
magnetic  states  in  the  corresponding  regions  C,  B,  and  A, 
respectively.  The  magnetization  curves  at  300  K  represent  a 
typical  uniaxial  anisotropy  characteristic,  while  the  magneti¬ 
zation  curves  at  low  temperature  reflect  the  characteristic  of 
the  canted  moment  structure.*  At  200  K,  the  magnetization  in 
the  hard  direction  A/j^(0)  has  a  considerable  value  of  about 
9%  of  the  saturation  magnetization  M,  at  zero  field.  The  easy 
magnetization  curve  appears  to  be  hardly  saturated  with  a 
large  susceptibility  value  of  ;^a^=9. 87X10"* 
emu  g"‘  Oe"*  at  high  filed  up  to  5  T  due  to  the  deviation  of 
the  easy  magnetization  direction  from  the  c  axis.  When  the 
temperature  goes  down  to  4.2  K,  the  canted  behavior  ap¬ 
peared  in  magnetization  curves  is  clearer  than  200  K.  Values 
of  Afj^(O)  and  Xhf  increase  obviously,  A/x(0)/Mj  =  24% 
and  ;^a/=34.4X  10"*  emug"‘Oe"*,  respectively.  Such 
canted  behavior  can  be  explained  by  the  balance  between  the 


TABLE  I.  The  lattice  constants,  a  and  c.  Curie  temperature,  Tc,  spin  reorientation  temperatures,  T„i  and  Tsr2 
for  NdFeij.jMO;,, 


X 

1.00 

1.25 

1.50 

1.56 

1.63 

1.68 

1.75 

2.00 

2.5 

TciK) 

495 

470 

443 

435 

430 

421 

413 

393 

340 

r„,(K) 

159 

161 

197 

188 

182 

178 

170 

155 

127 

r„2(K) 

234 

273 

318 
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X 

FIG.  4.  Magnetic  phase  diagram  of  NdFe|2.iMo,  alloys. 

anisotropy  of  the  Fe  sublattice  and  the  Nd  sublattice  at  dif¬ 
ferent  temperatures.^ 

The  magnetic  phase  diagram  of  NdFei2_^Mo,  is  shown 
in  Fig.  4.  The  magnetic  anisotropy  of  this  alloy  series  is 
complicated.  Very  recently  studies  of  the  magnetocrystalline 
anisotropy  of  YFe,2_jtMo,  (1.0«Sjt^2.5)  indicate  that  the 
easy  c-axis  anisotropy  field  of  the  Fe  sublattice  increases 


FIG.  5.  X-ray  diffraction  patterns  of  magnetically  aligned  powder  for 
NdFei2-,Mo,  with  x=  1.5  and  2.0.  The  plane  of  the  incident  and  reflected 
x-ray  is  parallel  to  the  alignment  direction. 


H  (kOe) 


FIG.  6.  Magnetization  curves  of  NdFemjjMoisj  at  4.2,  200,  and  300  K. 


rapidly  with  the  decrease  of  Mo  concentration  when  x<\.6 
and  changes  slowly  for  x>1.6.*‘^  This  turning  point  of  the 
anisotropy  field  of  YFe,2-iMo^  is  close  to  the  triphase  point 
of  the  NdFei2_:fMo^.  Of  NdFei2_;(Mo^  with  low  Mo  con¬ 
centration,  the  easy  c-axis  anisotropy  field  of  the  Fe  sublat¬ 
tice  is  strong  enough  to  overcome  the  easy-plane  anisotropy 
of  the  Nd  sublattice  so  that  NdFei2_,Mo^  exhibits  uniaxial 
anisotropy.  With  high  Mo  concentration,  the  easy-plane  an¬ 
isotropy  of  the  Nd-sublattice  dominates  the  whole  magnetic 
ordering  temperature  range.  The  complexity  of  the  magneto¬ 
crystalline  anisotropy  of  NdFei2-.^Mo^  may  also  be  affected 
by  the  variation  of  the  crystal-field  interaction  with  Mo  con¬ 
centration. 
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Magnetic  anisotropies  in  RFeio-xCOxMo2  compounds  (/7=Dy,  Er) 

Roy  Tucker,  Xie  Xu,  and  S.  A.  Shaheen 

Department  of  Physics  and  Center  for  Materials  Research  and  Technology  (MARTECH),  Florida  State 
University,  Tallahassee,  Florida  32306 

The  effects  of  Co  substitution  on  magnetic  anisotropy  and  spin  reorientation  phenomena  have  been 
investigated  in  the  DyFeio_xCO;tMo2  and  ErFeio_;tCO;(Mo2  (a:=0  to  10)  series  in  the  temperature 
range  from  4.2  to  300  K.  X-ray  diffi-action  patterns  on  aligned  samples  indicated  that  the  easy 
direction  of  magnetization  (EDM)  of  the  DyFeio_jCOj(Mo2  series  is  along  the  c  axis  at  room 
temperature  for  all  values  of  x.  The  spin  reorientations  were  observed  for  all  samples  in  the 
DyFejo_j:Co^Mo2  series  except  forx=10,  and  the  spin  reorientation  temperature,  decreases 
with  the  increase  of  Co  content  x.  The  magnetic  phase  diagram  of  DyFeio-,Co,Mo2  has  been 
constructed.  These  results,  together  with  the  results  from  the  YFejo_j(Co^Mo2  series,  may  lead  to  the 
conclusion  that  the  anisotropy  of  Dy  sublattice  changes  from  planar  to  axial  in  the 
DyFeio_;cCo^Mo2  series  with  the  increase  of  Co  content.  The  EDM  in  the  ErFejo-:(Co^Mo2  series 
was  found  to  be  nonaxial  for  2^x^6  for  all  temperatures  below  T^.  For  x<2  and  x>6  the 
ErFejo-;tCO;cMo2  compounds  exhibit  an  axial  EDM  at  room  temperature,  and  spin  reorientations 
occur  at  about  210  K  for  x=8  and  at  140  K  forx=10.  Since  Er  and  Dy  have  opposite  sign  of 
second-order  Stevens  factor,  the  above  results  of  two  systems  are  consistent. 


I.  INTRODUCTION 

Recently  the  search  for  new  permanent  magnet  materials 
has  been  focused  on  the  ternary  compounds  RFei2_xM;t  {R 
=rare  earth,  Af=Ti,  V,  Cr,  Si,  Mo;  a:=1  or  2),'"^  which 
crystallize  in  the  tetragonal  ThMni2  structure.  In  this  struc¬ 
ture,  the  R  atoms  occupy  the  crystallographic  2a  site  and  the 
3d  atoms  occupy  the  8f,  8/,  8/  sites.  Due  to  its  low  site 
symmetry,  the  Fe  sublattice  exhibits  a  strong  uniaxial  anisot¬ 
ropy.  According  to  the  second-order  approximation  of  the 
point  charge  model,  the  short  R-R  distance  along  the  c  axis 
enables  rare  earths  of  a  positive  second-order  Stevens  factor 
(a>0)  [e.g.,  Sm,  Er,  Tm,  Yb]  to  exhibit  an  axial  anisotropy 
while  rare  earths  with  a<0  [e.g.,  Nd,  Tb,  Dy,  Ho]  exhibit  a 
nonaxial  anisotropy. 

Several  authors  have  reported  that  the  substitution  of  Co 
for  Fe  in  the  R(Fe,Co)iiTi‘’’^  and  R{Fe,Co)ioV2  (Ref.  6)  sys¬ 
tems  favors  a  planar  anisotropy,  and  the  easy  direction  of 
magnetization  (EDM)  at  room  temperature  in  these  alloys 
appears  to  change  from  axial  to  cone  to  planar  with  increas¬ 
ing  Co  concentration.  However,  our  recent  studies  of  the 
RCO10MO2  compounds’  showed  that  the  YC010M02  and 
G  rojoMo2  compounds  exhibit  an  axial  anisotropy  from  0  K 
to  Curie  temperature.  Since  Y  is  nonmagnetic  and  Gd  has  no 
orbital  moment,  the  anisotropy  comes  from  the  Co  sublattice 
only.  This  means  that  the  Co  sublattice  favors  a  uniaxial 
anisotropy  in  the  RC010M02  compounds  series.  We  also 
found  that  at  room  temperature  the  EDM  in  the  RC010M02 
series  is  along  the  c  axis  for  R=Nd,  Pr,  and  Dy,  and  it  is 
nonaxial  for  R=Sm  and  Er.  These  results  strongly  indicate 
that  in  contrast  to  the  situation  in  RFei2-^TM;f ,  the  R  sub¬ 
lattices  with  negative  second-order  Stevens  factor  (a<0)  fa¬ 
vor  a  uniaxial  anisotropy,  whereas  those  with  a>0  favor  a 
planar  anisotropy.  Ohashi  et  al.  reported  a  similar  behavior 
in  the  RCojjTi  compounds  series.* 


It  is  interesting  to  observe  that  while  the  3d  sublattice 
anisotropy  remains  axial  in  both  RFe]oMo2  and  RC010M02 
series,  the  R  sublattice  anisotropy  undergoes  a  dramatic 
change.  In  order  to  understand  this  contrasting  anisotropy 
behavior  and  to  examine  the  effect  of  Co  substitution  on 
magnetic  anisotropy  and  spin  reorientations,  systematic  stud¬ 
ies  of  the  RFe]o_,Co^Mo2  compounds  have  been  made.’  In 
this  paper  we  report  the  spin-reorientation  behavior  of  the 
RFejo_;rCo,Mo2  (/?=Dy  and  Er,  x=0  to  10)  compounds 
determined  by  the  ac  susceptibility  method  and  thermomag- 
netic  analysis.  The  magnetization  data  on  these  systems  are 
also  included. 

11.  EXPERIMENT 

RFejo_^CO;fMo2  alloys  (/?=Dy  and  Er,  and  x  =  0,2,  4, 
6,  8,  10)  were  prepared  by  arc  melting  appropriate  amounts 
of  Fe,  Co,  Mo,  and  Dy  or  Er  under  a  purified  argon  atmos¬ 
phere.  As-cast  samples  were  vacuun*  annealed  at  1000  °C  for 
a  week.  All  samples  are  almost  single  phase,  as  determined 
by  both  X  ray  powder  diffraction  and  thermomagnetic  analy¬ 
sis.  Aligned  samples  for  magnetic  anisotropy  studies  were 
prepared  by  mixing  fine  powders  in  an  epoxy  at  room  tem¬ 
perature  in  the  presence  of  a  magnetic  field  (1  T).  The  room 
temperature  EDM  was  deduced  from  the  x-ray  diffraction 
patterns  of  aligned  samples. 

A  quantum  design  SQUID  magnetometer  with  external 
field  up  to  5.5  T  was  used  for  the  measurements  of  the  satu¬ 
ration  magnetization  (cTj)  and  anisotropy  field  (H^).  ITie 
value  of  was  determined  by  measuring  the  easy  and  hard 
direction  of  magnetization  cn  aligned  sampbs  at  room  tem¬ 
perature.  The  Curie  temperatures  were  measured  using  a  Far¬ 
aday  magnetometer.  Both  the  ac  susceptibility  and  low  field 
dc  magnetization  measurements  as  a  function  of  temperature 
in  the  range  from  4.2  to  300  K  are  used  to  detect  possible 
spin  reorientations. 
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TABLE  I.  Magnetic  properties  of  the  RFei0.^Co^Mo2  {R  =Dy  and  Er)  com¬ 
pounds.  The  easy  direction  of  magnetization  (EDM),  and  values  of  satura¬ 
tion  magnetization  (ilf,)  and  anisotropy  field  (/f^)  refer  to  7'=300  K 


Rare-earth 

element 

X 

Tc 

(K) 

(K) 

M, 

(/ta/f.u.) 

EDM 

Ha 

(kOe) 

Dy 

0 

390 

130 

6.16 

axial 

14 

2 

490 

100 

7.42 

axial 

30 

4 

590 

75 

8.01 

axial 

36 

6 

630 

58 

7.46 

axial 

48 

8 

600 

40 

5.53 

axial 

65 

10 

520 

... 

4.34 

axial 

44 

Er 

0 

330 

120 

5.52 

axial 

... 

2 

450 

... 

8.56 

planar 

... 

4 

510 

... 

8.52 

planar 

6 

550 

8.11 

planar 

... 

8 

610 

210 

7.. 2 

axial 

10 

10 

480 

130 

5.31 

axial 

11 

III.  RESULTS  AND  DISCUSSIONS 

The  results  obtained  for  the  DyFeio_;(Co,Mo2  series  are 
listed  in  Table  I.  X-ray  diffraction  patterns  on  aligned 
samples  indicated  that  the  EDM  in  the  DyFeio.^COj^Moj 
series  is  along  the  c  axis  at  room  temperature  for  all  values  of 
X.  Figure  1  shows  the  magnetic  phase  diagram  for  the 
DyFcio-xCo^fMoj  series.  The  occurrence  of  a  maximum  in 
the  Curie  temperature,  which  has  been  observed  in  the 
YFeio-;,COxMo2  and  NdFejo-^Co^Mo2  series®'*®  appears  to 
be  a  common  feature  of  the  RFeio-xCO;(Mo2  compounds. 

The  spin  reorientations,  described  as  a  change  of  the 
EDM  from  one  crystallographic  direction  to  another  with 
varying  temperature,  were  observed  in  the  ac  susceptibility 
measurements  for  all  samples  in  the  DyFeio..xCo,Mo2  se¬ 
ries,  except  for  x=  10.  With  the  increase  of  Co  contents,  the 
Tj,  d'*'’reases  almost  linearly  at  an  average  rate  of  ~  13  K  per 
substituted  Co  atom.  These  results,  combined  with  the  results 
of  the  YFeio--xCOxMo2  series,*®  support  the  conclusion  that 
the  anisotropy  of  Dy  sublattice  changes  gradually  from  pla¬ 


FIG  !.  Magnetic  phase  diagram  for  DyFejo-xCOjMoj. 


FIG.  2.  Temperature  dependence  of  the  ac  magnetic  susceptibility  of 
ErFejCojMoj  and  EtCoioMo2. 

nar  (in  DyFeioMo2)  to  axial  (in  DyCoioMo2)  in  the 
DyFejo-xCOxMo2  series  with  the  increase  of  Co  content. 

The  situation  in  the  ErFejo_xCoxMo2  series  is  somewhat 
more  complex  than  that  in  the  DyFeio_xCo^Mo2  series. 
X-ray  diffraction  patterns  on  aligned  samples  indicated  that 
the  EDM  of  the  ErFeio-xCo_(Mo2  series  is  nonaxial  for 
2^x^6.  Forx>6  the  ErFeio_xCOxMo2  compounds  exhibit 
an  axial  EDM  at  room  temperature,  and  spin  reorientations 
occur  at  about  210  K  for  8  and  at  130  K  for  x==  10,  as 
shown  in  Fig.  2. 

The  magnetic  anisotropy  in  RFeio-xCOxMo2  compounds 
arises  from  two  contributions:  4/  sublattice  and  3d  sublattice 
anisotropies.  When  both  R  and  3d  sublattice  anisotropies 
favor  an  axial  or  planar  arrangement  of  spins,  then  the  EDM 
is  obviously  along  the  c  axis  or  basal  plane,  respectively. 
However,  when  the  R  sublattice  and  3d  sublattice  favor  dif¬ 
ferent  EDM’s,  then  the  situation  is  complex,  and  the  EDM  of 
the  compound  is  determined  by  the  resultant  of  the  compet¬ 
ing  sublattice  anisotropies.  As  observed  in  the 
YFeio-xCo^Mo2  series,*®  the  3d  sublattice  anisotropy  under¬ 
goes  a  change  from  axial  at  x  =  0  to  planar  at  5  and 


FIG.  3.  The  dependence  of  the  anisotropy  field  on  Co  composition  x  in 
the  DyFeia_,CO;;Mo2  series. 
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back  to  axial  at  higher  jc  values.  Furthermore,  the  R  sublattice 
anisotropy  also  imdergoes  a  dramatic  change  in  the 
RFeio_;tCo^Mo2  series,  and  the  resultant  behavior  is  quite 
complex.  However,  it  is  easy  to  make  comparisons  for  the 
terminal  compounds  (x:=0  and  10)  where  the  3d  anisotropy 
favors  axial  EDM  for  both  compound  series  (i?=Dy  and  Er). 
Since  Dy  and  Er  have  opposite  signs  of  second  order 
Stevens’  factor,  the  magnetic  anisotropy  behavior  of  terminal 
compounds  and  the  observations  of  spin  reorientations  are 
expected. 

The  field  dependence  of  magnetization  (up  to  55  kOe) 
was  measured  along  the  easy  and  hard  direction  of  magneti¬ 
zation  on  aligned  samples  at  300  K.  The  anisotropy  field  at 
300  K  for  DyFeio_;cCO;,Mo2  is  listed  in  Table  I  and  plotted  in 
Fig.  3  as  a  function  of  Co  content  x.  As  seen  in  Fig.  3,  the 
anisotropy  field  in  the  DyFejo-;tCo^Mo2  system  reaches  a 
maximum  value  of  6~7  T  at  x=8. 
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texture 

D.  Wang®^  and  D.  J.  Sellmyer 

Behlen  Laboratory  of  Ph)  sics  and  Center  for  Materials  Research  and  Analysis,  University  of  Nebraska, 

Lincoln,  Nebraska  68588  0113 

I.  Panagiotopoulos  ana  D.  Niarchos 

Demokritos,  National  Center  for  Scientific  Research,  Institute  of  Materials  Science,  153  10, 

Aghia  Paraskevi  AttUds,  Athens,  Greece 

Nd(Fe, 11)12  Nd(Fe,Ti)i2N;t  films  textured  with  c  axis  perpendicular  to  the  film  plane  were 

synthesized  by  sputtering.  For  the  Nd(Fe,11)i2  films  a  spin  reorientation  took  place  at  about  170  K. 

For  the  Nd(Fe,Ti)i2N;j  films,  the  anisotropy  field  is  about  85  kOe  at  room  temperature  and  130  kOe 
at  5  K,  corresponding  to  a  coercivity  of  2.7  and  12  kOe,  respectively.  Initial  magnetization  curves 
show  a  behavior  characteristic  of  nucleation  type  of  magnetization  reversal  mechanism.  Attempts 
were  made  to  fit  the  experimental  data  with  Kronmuller’s  magnetization  reversal  model.  The  results 
suggest  that  nucleation  with  extended  sites  is  responsible  for  the  reversal. 


INTRODUCTION 

Higano  et  al  were  probably  the  first  to  report  the  aston¬ 
ishing  effect  of  nitriding  on  some  rare  earth-transition 
metal(RE-TM)  compounds  in  1987.  They  concluded  that*: 
“Nitriding  resulted  in  a  lattice  expansion,  increase  in  the 
saturation  magnetization  and  change  in  Curie  temperature.” 
Coey  and  co-workers  reported  the  first  detailed  study^  of 
various  aspects  of  these  compounds,  and  their  results  have 
stimulated  much  of  the  succeeding  work.^ 

The  synthesis  of  SmFei2  films  by  sputtering  has  been 
reported.^’*  But  SmFei2N^  or  Sm(Fe,Ti)i2N_(  is  not  a  good 
candidate  for  permanent  magnets  because  its  planar  magnetic 
anisotropy  leads  to  a  low  coercivity  {He).  Nd{Fe,Ti)i2N;t  is  a 
promising  candidate  for  permanent-magnet  applications  be¬ 
cause  of  its  high  uniaxial  anisotropy  field  (//*),  high  Curie 
temperature  and  high  saturation  magnetization 

Previously  we  reported  the  preliminary  results  on  the 
Nd(Fe,Ti)i2  and  Nd{Fe,Ti)i2N^  films.’  A  report  on  similar 
films  has  been  given  also  recently  by  Navarathna  et  al.^  In 
this  paper  we  will  discuss  the  magnetic  properties  of  these 
sputtered  films.  Low  temperature  measurements  on  the 
Nd(Fe,Ti)i2N^  films  will  be  emphasized.  The  magnetization 
reversal  mechanism  will  also  be  discussed  with  available 
models. 


EXPERIMENTAL  METHODS 

Nd(Fe,11)i2  films  were  prepared  in  a  dc  magnetron  sput¬ 
tering  system  on  heated  Ta  substrates.^  The  base  pressure 
was  better  than  5X10“’  Torr.  After  the  deposition,  nitrogen 
gas  was  introduced  into  the  chamber  with  a  pressure  up  to 
about  200  Torr  at  various  sample  temperatures  for  various 
lengths  of  time;  for  example,  a  400  °C  anneal  for  one  hour 
was  typically  used.  All  films  reported  on  in  this  paper  had  a 
nominal  thickness  of  about  1  /rm. 


'^Present  address;  MINT  Center,  University  of  Alabama,  TUscaloosa,  Ala¬ 
bama  35487-0209. 


RESULTS  AND  DISCUSSION 

Figure  1  shews  x-ray  diffraction  (XRD)  patterns  for 
films  deposited  at  different  substrate  temperatures  under  an 
argon  pressure  of  1.5  mTorr.  The  XRD  patterns  are  fitted 
nicely  to  the  (002),  (202),  (222),  and  (004)  lines  of  the  te¬ 
tragonal  ThMni2  structure.  The  films  have  the  c  axis  prefer¬ 
entially  aligned  perpendicularly  to  the  film  plane.  For  a  sub¬ 
strate  temperature  higher  than  430  ®C,  the  small  portion  of 
ar-Fe-like  phase  starts  to  increase  and  the  (002)  texture  gets 
worse.  For  a  substrate  temperature  much  lower  than  340  °C 
the  films  have  only  XRD  peaks  of  the  a-Fe  like  phase.  For 
all  the  measurement  shown  below,  the  films  made  at  a  sub¬ 
strate  temperature  of  390  °C  were  used.  The  XRD  pattern  for 
the  nitride  film  was  given  in  Ref.  7,  which  is  similar  as  the 


FIG.  1.  XRD  patterns  of  Nd(Fe,Ti)i2  films  prepared  on  Ta  under  various 
substrate  temperatures  and  at  a  sputtering  gas  pressure  of  1.5  mTorr. 
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FIG.  2.  Hysteresis  loops  of  a  Nd(Fe,Ti)|j  film  and  a  Nd(Fe,Ti)i2N^  film  of 
about  1  /im  thick  measured  at  5  K  with  a  high  applied  field  of  55  kOe. 


390  “C  pattern  for  the  film  before  nitriding  as  shown  in  Fig. 
1  with  only  positions  shifted  to  lower  angles. 

When  films  are  annealed  in-situ  at  a  temperature  of 
400  ‘’C  for  about  one  hour  in  a  nitrogen  atmosphere,  a  unit- 
cell-volume  expansion  of  3.6%  is  observed.  Based  on  the 
reported  data®  we  estimated  the  nitrogen  content  to  be  about 
x=0.9.  This  accompanies  a  dramatic  change  in  magnetic 
properties. 

Figure  2  shows  typical  hysteresis  loops  for  a  Nd(Fe,Ti)i2 
film  and  a  Nd(Fe,Ti)i2N;(  film  of  about  1  fim  thick  measured 
at  a  low  temperature  of  5  K.  For  the  perpendicular  loops  the 
applied  field  has  been  corrected  for  demagnetization.  It  is 
noted  that  for  the  Nd(Fe,Ti)|2  film  the  perpendicular  magne¬ 
tization  is  below  the  parallel  magnetization,  which  is  differ¬ 
ent  from  the  case  of  room  temperature  measurement.’ 

Figure  3  shows  the  temperature  dependence  of  the  mag¬ 
netization  for  films  before  and  after  nitriding.  The  procedure 
for  this  measurement  was  first  to  lower  the  temperature  to  5 
K  and  apply  the  maximum  field  of  S5  kOe  in  the  film  plane, 
then  decrease  the  field  to  200  Oe,  which  is  much  lower  than 
the  coercivity,  2.7  kOe,  and  then  measure  the  magnetization 
while  increasing  the  temperature.  A  spin  reorientation  is  ob¬ 
served  at  around  170  "C  for  the  Nd(Fe,Ti)i2  film.  For  the 
Nd(Fe,Ti)i2N^  film  no  such  phenomenon  is  observed.  This 
means  that  the  spin  reorientation  is  suppressed  by  nitriding. 

Figure  4  shows  the  initial  magnetization  curves  of  a  ni¬ 
tride  film  measured  at  5  K  from  both  a  thermally  demagne¬ 
tized  and  a  field-demagnetized  state.  The  hysteresis  loop  in 
the  first  quadrant  is  also  shown.  The  magnetization  for  the 
thermally  demagnetized  film  rises  rapidly  to  near  saturation 
at  a  field  well  below  the  coercivity.  For  the  field- 


FIG.  3.  Temperature  dependence  of  magnetization  for  a  Nd(Fe,'n)]2  film 
and  a  Nd(Fe,Ti))2N^  film  under  a  low  field  of  200  Oe. 


demagn-nized  film  the  initial  curve  is  much  lower.  These 
features  are  similar  to  those  observed  for  NdFeB  sintered 
magnets,  which  are  believed  to  be  strong  indications  of  a 
nucleation  type  of  magnetization-reversal  mechanism.^  Hys¬ 
teresis  loops  were  measured  at  different  temperatures  with  a 
SQUID  magnetometer.  The  temperature  dependencies  of 
He  determined  from  the  loops  for  a  nitride  film  are 
plotted  in  Fig.  5.  He  decreases  from  12  kOe  at  5  K  to  2  kOe 
at  350  K.  At  room  temperature  He  is  about  2.7  kOe.  A/j 
decreases  about  10%  when  the  temperature  increases  from  5 
K  to  room  temperature.  Kronmiiller  and  co-workers*”  have 
derived  a  simplified  formula  for  the  coercivities  due  both  to 
nucleation  and  pinning  mechanisms  by  assuming  that  there 
are  spatial  fluctuations  of  the  first-order  anisotropy  constant 
Ki  and  the  exchange  constant  A; 

IKiiT) 

He{T)  =  a{T)-j^-NeBMsiT),  (1) 

where  for  pinning 

ag"(r)  =  a  when  (2) 


FIG.  4.  Initial  magnetization  curve  measured  from  a  thermally  demagne¬ 
tized  and  field  demagnetized  state  of  a  Nd(Fe,Ti)|2Nj  film  at  a  low  tempera¬ 
ture  of  5  K. 
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FIG.  5.  Temperature  dependence  of  the  parameters  Af, ,  //* ,  extrapo¬ 
lated  from  hysteresis' loops  for  a  Nd(Fe,'n)i2N,  film. 


Sb 

ajf”(T)=b —  when  0) 

’’o 

and  where 


is  the  domain-wall  width  for  a  uniaxial  crystal  and  tq  is  the 
pinning-center  size. 

Equation  (1)  also  applies  to  reversal  by  nucleation  ac¬ 
cording  to  different  sizes  of  the  nucleation  site  (ro): 


when 

(5) 

Sg 

“x'" — >  when  2'nrQ’=”Sg, 
irro 

(6) 

aj;  =1 — when  2TTro>Sg. 

^1 

(7) 

We  assume  that  the  exchange  constant  A  for  the  main 
region”  is  10”®  erg/cm  and  the  domain-wall  thickness  Sg  is 
given  by  Eq.  (4).  After  fitting  the  experimental  results  to  the 
cases  presented  in  Eqs.  (2)  to  (7),  the  main  results  of  this 
analysis  are  summarized  as  follows;  (a)  Assuming  reversal 
by  pinning  with  small  pinning  centers,  the  fitting  according 
to  (2)  gives  an  tq  value  of  0.03  A,  which  is  unreasonably 
small  though  the  Hc/M,  vs  IKIMl/Sg  curve  shows  a  near 
linear  relationship;  (b)  assuming  reversal  by  pinning  with 
large  pinning  centers  according  to  Eq.  (3),  the  experimental 
results  are  shown  in  Fig.  6(a).  HJM^  does  not  vary  linearly 
with  IKIM^Sg ,  so  this  case  can  be  excluded;  (c)  for  reversal 
by  nucleation  with  small  nucleation  sites,  the  experimental 
results  are  fitted  according  to  Eq.  (5).  The  value  of  tq  ob¬ 
tained  is  150  A,  which  is  inconsistent  with  the  small  site 
assumption;  (d)  for  reversal  by  nucleation  with  medium  size 
nucleation  sites,  no  linear  relationship  is  expected  since  Eq. 
(6)  and  Eq.  (3)  have  similar  8g  dependence;  (e)  for  reversal 
by  nucleation  with  extended  nucleation  sites.  Fig.  6(b)  gives 


FIG.  6.  (a)  Experimental  results  for  pinning  with  large  pinning  sites;  (b) 
Experimental  results  and  fitting  results  for  nucleation  with  large  sites  for  a 
NdfFe.TDijN,  film. 

the  experimental  results  and  fitting  results  according  to  Eq. 
(7).  There  is  a  reasonably  good  linear  relationship  between 
//j/Af,  and  2KIMl{\-blK).  The  prefactor  in  Eq.  (1)  is 
about  0.23  and  is  about  3.8. 
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Nd(Fei2-,MO;t)Ny  (j:=1.25  and  1.50,  y=0.9)  ”Fe  Mossbauer  spectra  of  parent  compounds  and 
nitrides'have  beemmeasufed^at  lS  arid  293'K.  Hyfferfine  fields  are  little  changed  by  the  presence  of 
nitrogen  at  15  where  thfc  average  Value'  is  abdut‘25  T  but'at  293  K  there  is  a'change  in  average 
hyperfine  field  frbiri  19  T  for' parent  compounds  to  24  T'fdf-nitrides  due  to  the  increase  in  Curie 
temperature.  Spin ‘reorientations  occur  in  the  parent  compounds  in  the  temperature  range  between 
160-190  K  but  not  iri  the  nitrides;  which  show  c-axis  anisotropy  throughout  this  range. 


Recent  experiments  have  shown  that  the  best  intrinsic 
magnetic' probities  in  R(Fc‘i2_iMo^)Ny' are  found  for  the 
lowest  Mo  cbnceritrations.*'^  The 'nitride  with  R=Nd  is  a 
candidate  for  permanent  magnet  development.  Coercivities 
of  up  to  0.8  T  are  reported  for  mechanically  alloyed 
Ndio(Fe75Mo,5)Ny  (Ref.  3)  and  0.64  T  for  milled 
NdFejo,75Moi.2jNo,9.'*  A  maximum  energy  product  of 
(fl//)n,„=240  kJ/rii^  at  room  temperature  has  been  inferred 
from  work  on  thin  films.^  In  order  to  improve  the  under¬ 
standing  of  the  microscopic  magnetic  properties,  in  this 
work,  we  investigated  Nd(Fei2_^Mo,)  with  x= 1.25  and  1.50 
and  their  nitrides  by  *’Fe  Mossbauer  effect  at  the  tempera¬ 
tures  of  15  and  293  K. 

The  Nd(Fei2-xMoJ  alloys  were  prepared  by  arc¬ 
melting  elements  of  purity  better  than  99.5%  with  about  10% 
excess  of  Nd  to  compensate  the  loss  on  melting.  Buttons 
were  then  annealed  in  vacuum  at  a  temperature  of  1050  °C 
for  about  5  h.  The  homogenized  ingots  were  pulverized  into 
a  fine  powder  with  an  average  size  of  about  15  ;um.  Nitro- 
genation  was  performed  by  heating  the  alloy  powder  in  pure 
N2  at  400-450  °C  for  1-3  h.  The  nitrogen  content  was 
evaluated  from  the  weight  difference  of  the  samples  before 
and  after  nitrogenation. 

Mossbauer  absorbers  consisted  of  about  15  mg  cm"^  of 
alloy  powder  mixed  with  icing  sugar.  Oriented  absorbers 
were  prepared  by  mixing  alloy  powder  with  epoxy  resin  and 
setting  in  an  applied  field  of  2  T  applied  perpendicular  to  the 
surface  of  the  sample.  *’Fe  Mossbauer  spectra  were  collected 
using  a  conventional  constant  acceleration  spectrometer  with 
a  20  mCi  source  of  ^’Co  in  rhodium.  The  y  ray  was  along  the 
alignment  direction  for  the  oriented  absorbers.  The  velocity 
scale  was  calibrated  using  an  a-Fe  absorber  at  room  tem¬ 
perature.  Lx)W  temperature  data  were  obtained  using  a 
closed-cycle  two  stage  helium  refrigerator  (Air  Products, 
model  HC-2). 

Figure  1  shows  CuK„  x-ray  diffraction  patterns 
of  Nd(FejQ^75Moj  25)  and  Nd(FejQ_75Moj_25)NQ9.  The 


'’Permanent  address:  San  Huan  Research  Laboratory,  Chinese  Academy  of 
Sciences,  P.  O.  Box  603,  Beijing  100080,  China. 


magnetic  characteristics  of  the  samples  are  summarized  in 
Table!. 

The  Nd(Fei2_xMOj.)  and  Nd(Fej2_;tMo^)No,9  nitrides  (x 
=1.25  and  1.50)  are  single  phase  with  a  'niMni2-type 
structure^  as  shown  in  Fig.  1.  A  detailed  study  of  magnetiza¬ 
tion  as  a  function  of  Mo  concentration  shows  that  at  room 
temperature  there  is  uniaxial  anisotropy  when  x:<1.55  in  the 
parent  compounds,®  but  the  corresponding  nitrides  have 
uniaxial  anisotropy  for  all  x  values.*  X-ray  diffraction  pat¬ 
terns  on  our  oriented  absorbers  indicate  that  they  all  well 
aligned  except  for  Nd(Feio,5oMoj ^0)  which  has  a  low  an¬ 
isotropy  field  at  room  temperature.® 

X-ray  diffraction  analysis  has  shown  that  in 
Nd(FeioMo2),  8/  and  8/  sites  are  fully  occupied  by  Fe  atoms 
while  Si  sites  are  shared  by  Fe  and  Mo  atoms.’  A  recent 
neutron  diffraction  study  on  Y(FeiiMo)  showed  that  20%  of 
Mo  atoms  occupy  8/  sites  with  the  rest  on  81  sites.®  The  N 
atoms  in  1:12  nitrides  occupy  2b  sites  exclusively.®’®  In  our 
work,  we  suppose  the  Mo  atoms  to  be  located  on  8(  sites 
only. 

The  distribution  of  Mo  causes  a  distribution  of  Fe  near¬ 
est  neighbors  for  each  Fe  site,  which  results  in  quite  broad 
outer  lines  in  the  Mossbauer  spectrum  due  to  a  distribution 
of  hyperfine  fields.  An  acceptable  fit  of  the  spectra  of  isotro- 


29  (°) 

FIG.  1.  CuKa  x-tay  diffraction  patterns  of  Nd(Feio.75Mo,,25)  and 
Nd(Fe,o75Mo,25)No9.  The  peaks  are  indexed  by  using  the  tetragonal 
ThMn,2  symmetry  (space  group  HImmm). 
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TABLE  ;I.  ,Stniciuie  md  ma^etic  properties  of  Nd(Fe',2_,Moi,)  and'Nd(Fej2_xMoJN^ 


X 

y 

a 

(A) 

c 

(A) 

V 

(A’) 

dVIV 

(.%) 

Tc 

(K) 

(/ie/f-u-) 

Ta- 

(K) 

10  K 

295  K 

1.25 

0.0 

8J96 

4.792 

354.1 

... 

457 

21.1 

17.3 

160 

1.25 

0.9 

8.658 

4.869 

365.0 

3.07 

612 

19.0 

20.3 

... 

1.50 

0.0 

8.604 

4.796 

355.0 

...• 

440 

19.4 

16.6 

190 

1.50 

0.9 

8.663 

4.874 

365.8 

3.02 

584 

17.2 

17.5 

pic  absorbers  was  achieved  using  just  iiye  components  with  a 
constrained  intensity  ratio  of  12:8:4:(8r-2»:):(4-A;),  corre¬ 
sponding  to  8/:8;i;872:8ij:8i2.  The  outer  line  width  of 
each  sextet  was  varied  independently  from  the  middle  and 
inner  lines  to  help  account  fon  the  distribution  in  hypeifine 
field  at  each  site.  The  same  isomer  shifts  and  hyperfine  fields 
are  imposed  for  the  subspectra  of  each  site  for  the  parent 
compounds  and  nitrides.  For  the  spectra  of  oriented  absorb-- 
ers  the.  same  intensity  constraint  and  .Mossbauer  parameters 
are  used  as  for  isotropic  absorbers  except  that  the  angle 
between  the  y-ray  direction  and  hyperfine  field  was  taken  the 
same  for  all  three  iron  sites  due  to  ferromagnetic  ordering.^*^ 
The  hyperfine  fields  for  the  Fe  sites  then  decrease  in  the 
order  5A/(8i)>J5A/8y)>B*^8/).‘“'” 

Figures  2  and  3  show  the  .spectra  of  isotropic  and  ori¬ 
ented  absorbers  of  Nd(Fei2-xMo^)  and  Nd(Fe,2-;tMo^)No.9 
(x=1.25  and  1.50)  at  15  and  293  K  together  with  the  enve¬ 
lopes  of  the  fits.  The  a-Fe  content  of  the  parent  compounds 
is  less  than  1%  and  it  is  not  included  in  fits,  but  there  is  about 
3%  a-Fe  in  the  nitride  spectra.  The  fitted  hyperfine  param¬ 
eters  of  isotropic  absorbers  obtained  are  listed  in  Table  II. 
The  average  hyperfine  field  of  Nd(Feio.soMO],5o)  is  smaller 
by  about  1  T  than  that  of  Nd(Feio.75Moi  2j)  at  both  15  and 

15  K  J93  k 


FIG.  2.  The  ”Fe  Mossbauer  spectra  of  isotropic  absorbers  for 
Nd(Fe,2.^MoJ  and  Nd(Fe,2-xMoJNo9  (;r=1.25  and  1.50)  at  15  K  (left) 
and  293  IC  (right)  with  the  fits  shown  as  full  lines. 


293tK,  which  indicates  that  the  presence  of  Mo  around  Fe 
reduces  the  atomic  magnetic  moment  of  Fe,  in  accordance 
with,  the  data  in  Table  I.  The  increase  of  24%  in  average 
hyperfine  fields,  from  19.3  to  24.0  T,  at  room  temperature 
•after  nitrogenation  stems  from  the  large  increase  of  Curie 
temperature,  from  about  450  K  for  parent  compounds  to  630 
K  for  nitrides  (Table  I).  At  15  K  there  is  little  change  of  the 
average  hyperfine  field  after  nitrogenation,  only  about  1.6  T 
(6%),  which  is  much  smaller  than  the  increase  of  13%  found 
inthecasesoff-idCFej  jTi)No.8(Ref.  1  l)andNd2Fe  j  7Nj, . 

Taking  the  relative  volume  expansion  values  of  SV/V 
=  51n  V=3.07%  and  3.02%  for  x:= 1.25  and  ac=1.50  com¬ 
pounds,  respectively.  We  found  that  SS/Sln  V  on  nitroge¬ 
nation  is  2.6  mm/s  for  the  former  and  2.0  mm/s  for  the  latter. 
This  is  larger  than  that  for  R2Fei7N^  {SIS/SlnV=1.7 
mm/s)*^  and  close  to  that  for  R(Feji'I1)N^  {SIS/S\n  V=22 
mm/s)”  which  suggests  that  the  interband  electron  transfer 
on  nitrogenation  in  Nd(Fei2_;tMo^)No.9  (x=1.25  and  1.50)  is 
stronger  than  in  nitrides  of  the  2:17  series. 

Comparing  the  spectra  of  oriented  absorbers  at  two  tem¬ 
peratures  as  shown  in  Fig.  3,  the  lines  2  and  5  of  the  spectra 
at  15  K  are  much  stronger  than  those  at  293  K  for  parent 


15  K  K 


Veiocay  (mm/s)  Velocity  (mm/s) 

FIG.  3.  The  ’’'Fe  Mossbauer  spectra  of  oriented  absorbers  for 
Nd(Fei2-,Mo^)  and  Nd(Fei2-iMo,)No9  (j;=1.25  and  1.50)  at  15  K  (left) 
and  293  K  (right)  with  the  fits  shown  as  full  lines. 
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TABLE  n.  Fit  Mossbauer  parameters^for  isobopic  absoibers  of  Nd{Fe,2_,Mo.)  and  Nd(Fei2_;tMoJN69  Cc 
=1.25, 1.50)  measured  at  (a)  15  K  and  (b)  room  temperature.  is  the  hypetfine  field  in  units  of  tesla  T,  QS 
the  quadrupole  splitting,  and  IS  the  isomer  shift  relative  to  metallic  iron  at  room  temperature  in  units  of  mm/s. 


Mossbauer  . 

' 

Sites 

Compound 

parameters 

8/ 

8;i 

8/2 

8ii 

8J2 

Mean 

(a)  15  K 

Nd(Fejo.75MO|  2s) 

Bm 

20.1 

24.6 

24.6 

30.7 

30.7 

24.5 

IS 

-0.05 

-0.02 

-0.02 

0.02 

0.02 

0.03 

QS 

0.17 

-0.28 

0.17 

0.54 

-0.33 

Nd(Fejo,5oMoi,5o) 

Bu 

19.1 

24.3 

24.3 

31.1 

31.1 

23.9 

IS 

0.01 

0.02 

0.02 

0.16 

0.16 

0.05 

QS 

0.05 

-0.20 

0.22 

-0.11 

0.29 

Nd(Fe,o.75Moi,25)No.9 

Bhf 

22.0 

•27.4 

26.9 

29.6 

32.6 

26.2 

IS 

0.13 

0.03 

0.03 

0.19 

0.19 

0.11 

QS 

0.15 

0.35 

-0.35 

0.01 

0.23 

Nd(Feio  joMOl  5o)No9 

Bu 

21.2 

28.0 

25.5 

29.8 

29.7 

25.5 

IS 

0.13 

0.07 

0.07 

0.15 

0.15 

0.11 

QS 

0.17 

0.38 

-0.17 

0.07 

-0.32 

(b)  293  K 

Nd(Feio  73Moi,23) 

Bhf 

17.8 

18.3 

18.3 

24.8 

24.8 

19.8 

IS 

0.05 

-0.31 

-0.31 

-0.04 

-0.04 

-0.11 

QS 

0.52 

-0.69 

0.03 

0.19 

-0.18 

Nd(Fe|(|jjMoi,j()) 

Bu 

14.6 

18.7 

18.7 

22.9 

22.9 

18.1 

IS 

-0.13 

-0.14 

-0.14 

-0.04 

-0.04 

-0.11 

QS 

0.15 

-0.25 

0.18 

-0.22 

0.41 

Nd(Feio  i5Moi,25)No9 

Bu 

19.7 

25.0 

27.9 

31.9 

30.7 

25.1 

IS 

-0.13 

0.00 

0.00 

0.03 

0.03 

-0.04 

QS 

-0.08 

0.12 

0.03 

-0.71 

0.22 

Nd(Feio,joMoi,jo)No,9 

Bhf 

18.4 

23.6 

24.7 

29.7 

27.1 

23.0 

IS 

-0.03 

-0.02 

-0.02 

0.05 

0.05 

-0.01 

QS 

0.16 

-0.13 

0.29 

0.09 

-0.01 

compounds  but  there  is  no  large  change  for  nitrides.  Al¬ 
though  the  fitting  angles  (f>fc  at  room  temperature  are  about 
35®  and  39°  for  Nd(Fei2-;(Mo^)  and  nitrides  respectively 
because  of  imperfect  orientation  of  the  powder  samples,  the 
change  of  more  than  15°  for  parent  compounds  and  less  than 
5°  for  nitrides  at  15  K  implies  that  a  spin  reorientation  tran¬ 
sition  occurs  in  the  parent  compounds  at  low  temperature  but 
not  in  the  nitrides.’”  magnetization,  taking  account  of  the 
imperfect  c-axis  orientation  of  the  absorbers.  For  the  case 
where  the  magnetization  is  along  c  axis  when  the  absorber  is 
oriented  at  room  temperature,  the  tilting  angle  9  between  c 
axis  and  iron  magnetization  can  be  determined  from  This 
suggested  that  Nd(Fei2_^Vlo^)  undergoes  a  spin  reorienta¬ 
tion  away  from  the  c  a:;r,  when  temperature  decreases  below 
160  or  190  K  forAr=1.25  and  1.50,  respectively.  The  nitrides 
have  a  magnetic  structure  with  easy  c  axis  between  15  and 
293  K.” 

Compared  with  the  compounds  Nd{Fe.2-;t'nx)»  th® 
Nd(Fei2-xhlO;()  have  a  slightly  larger  magnetic  moment,  but 
a  reduced  hyperfine  field.  Easy  c-axis  anisotropy  is  more 
easily  achieved  in  the  nitrides  of  the  Mo  system  since  with 
titanium  there  is  a  2:19  or  3:29  phase  with  c-plane 
anisotropy.’® 

The  average  hyperfine  fields  of  nitrides  NdFei2_;fMo,Nj, 
(x=1.25  and  1.50,  >>=0.9)  are  slightly  larger  than  those  of 
the  parent  compounds  at  15  K  and  inaease  by  24%  at  room 
temperature.  The  isomer  shifts  increase  by  0.1  mm/s  mainly 
due  to  the  3%  volume  expansion.  SS/Sla  V  on  uitrogena- 
tion  (2.3  mm/s)  is  larger  Aan  that  in  R2Fei7N,  (SIS /Shu  V 
=  1.7  mm/s).  The  increase  of  Mo  content  from  1.25  to  1.50 
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causes  a  decrease  of  average  hyperfine  fields  of  about  1  T  at 
15  and  293  K  for  both  parent  compounds  and  nitrides.  Spin 
reorientations  occur  for  the  parent  compounds  but  the  ni¬ 
trides  exhibit  easy  c-axis  anisotropy  throughout  the  tempera¬ 
ture  range  due  to  the  crystal  field  created  at  the  neodymium 
by  the  pair  of  nitrogen  neighbors  along  the  c  axis. 
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Magnetic  properties  of  (Er,R)2Fei7Ny  compounds  (R=Y,Gd) 

J.  L  Wang,  W.  G.  Lin,  N.  Tang,  W.  Z.  Li,  Y.  H.  Gao,  and  F.  M.  Yang 

Magnetism  Laboratory,  Institute  of  Physics,  Chinese  Academy  of  Sciences,  P.  O.  Box  603,  Beijing  100080, 

People ’s  Republic  of  China 

Structural  and  magnetic  properties  of  the  interstitial  (Eri_,Rt)2Fei7Nj,  compounds  with  R=Y  and 
Gd,  jr=0,  0.1,  0.25,  0.4,  0.5,  0.6,  0.75,  and  1.0,  2<y<3,  have  been  investigated.  All  the  parent 
compounds  crystallize  in  the  Th2Nii7-type  structure,  except  for  Gd2Fej7  which  crystallizes  in  the 
l'h2Zni7-structure.  All  nitrides  preserve  the  same  structure  as  the  parents.  Introduction  of  nitrogen 
results  in  an  increase  in  lattice  constants  a  and  c,  and  the  expansion  of  unit-cell  volume  is  about  6%. 
The  Curie  temperature  was  found  to  inaease  distinctly  after  nitrogenation.  Nitrogen  absorption 
leads  to  an  increase  in  saturation  magnetization,  the  values  of  the  saturation  magnetization  increase 
monotonically  with  increasing  Y  or  Gd  concentration.  Nitrogenation  increases  the  uniaxial 
anisotropy  of  the  Er  sublattice,  and  causes  a  spin  reorientation.  The  Y  and  Gd  concentration 
dependencies  of  the  spin  reorientation  temperature  exhibit  maxima.  The  tentative  spin  phase 
diagrams  are  presented. 


INTRODUCTION 

Since  Coey  and  Sun*  reported  a  distinct  improvement  of 
the  magnetic  properties  of  the  iron-rich  R2Fei7  compounds 
(R=rare  earth  or  Y)  by  introducing  nitrogen,  the  rare  earth- 
iron  nitrides  of  the  type  R2Fei7Nj,  have  attracted  considerable 
interest,  because  of  the  excellent  intrinsic  magnetic  proper¬ 
ties  for  permanent  magnet  application.  The  structural  and 
magnetic  properties  of  the  R2Fei7  nitrides  and 
R2Fei7Ny -based  pseudotemary  compounds  have  been  exten¬ 
sively  investigated.  It  is  well  known  now  that  introduction  of 
nitrogen  in  R2Fei7  compounds  not  only  results  in  an  increase 
in  the  Curie  temperature  and  saturation  magnetization,  but 
also  leads  to  a  marked  change  of  magnetocrystalline  anisot¬ 
ropy  of  the  compounds.^'^  Both  Y2Fei7N^  and  Er2Fei7Ny 
crystallize  in  a  hexagonal  Th2Nii7-type  structure.  For 
Gd2Fei7Ny  both  hexagonal  Th2Ni,7-  and  rhombohedral 
Th2Zni7-type  structures  may  coexist.**’*  These  compounds 
have  similar  Curie  temperatures.  However,  the  magnetocrys¬ 
talline  anisotropy  of  the  three  compounds  are  totally  differ¬ 
ent.  According  to  a  crystal  field  theory  of  the  anisotropy  of 
the  rare  earth-transition  metal  intermetallic  compounds,^  a 
positive  second-order  Stevens  coefficient  ay  of  Er  ion  com¬ 
bining  with  a  negative  second-order  crystal  field  coefficient 
A  20  in  the  R2Fei7  compounds^  results  in  a  uniaxial  anisot¬ 
ropy  of  the  Er  sublattice,  whereas  the  anisotropy  of  the  Fe 
sublattice  is  planar.  The  contribution  to  the  uniaxial  anisot¬ 
ropy  which  results  from  the  Er  sublattice  can  be  enhanced  by 
introduction  of  nitrogen.  On  the  other  hand,  because  the  or¬ 
bital  moment  of  Gd  is  zero  and  Y  has  no  magnetic  moment, 
it  can  be  expected  that  Gd  or  Y  has  no  contribution  to  the 
anisotropy.  Therefore,  a  study  on  the  structural  and  magnetic 
properties  of  the  (Eri_;fR^)2Fei7Nj,  series  (R=Y  and  Gd) 
may  be  helpful  for  a  better  understanding  of  the  magneto¬ 
crystalline  anisotropy  in  these  systems. 

In  the  present  investigation  we  have  focused  our  atten¬ 
tion  on  the  crystal  structure  and  magnetic  properties  of  the 
(Eri  _;tR^)2Fei7Nj,  series  with  R=Y  and  Gd,  especially  on 
magnetization  and  magnetocrystalline  anisotropy.  The  results 
on  the  effect  of  Y  and  Gd  substituted  for  Er  in  the  Er2Fei7Nj, 


compound  on  the  Curie  temperature,  saturation  magnetiza¬ 
tion  and  magnetocrystalline  anisotropy  are  presented. 

EXPERIMENTAL  METHODS 

All  (Erj_^R^)2Fej7  host  compounds  with  R=Y,  Gd  and 
jc=0, 0.1,  0.25,  0.4, 0.5, 0.6,  0.75,  and  1.0,  were  prepared  by 
arc  melting  starting  elements  with  purity  of  99.9%,  followed 
by  annealing  in  vacuum  at  1423  K  for  4  h.  The  ingots  were 
pulverized  to  an  average  particle  size  of  25  pm  and  the  pow¬ 
der  samples  obtained  were  heated  in  purified  nitrogen  gas 
under  a  pressure  of  about  1  atm  at  770  K  for  4  h  to  form  the 
nitride  compounds  (Eri_;fR^)2Fei7Nj, .  The  value  of  the  nitro¬ 
gen  content  y  was  determined  to  be  between  2  and  3  by 
weighing.  X-ray  diffraction  was  employed  to  determine  the 
structure  and  lattice  parameters  of  the  compounds.  The  ther- 
momagnetic  curves  were  measured  in  a  Faraday  balance  in 
the  temperature  region  from  77  K  to  above  the  Curie  tem¬ 
perature.  The  Curie  temperatures  Tc  were  derived  from 
o^-r  plots.  Magnetization  curves  were  measured  with  an 
extracting  sample  magnetometer  in  applied  fields  up  to  7  T  at 
4.2  K.  Th«.  spin  reorientation  temperatures  T„  were  deter¬ 
mined  from  ac-susceptibility  measurements. 

RESULTS  AND  DISCUSSION 

Based  on  x-ray  powder  diffraction  and  thermomagnetic 
analysis,  all  the  investigated  (Er,  _^Y;t)2Fej7N^  and  their  host 
compounds  crystallize  in  the  hexagonal  Th2Ni,7-type  struc¬ 
ture,  whereas  (Eri_,(Gdjt)2Fe,7Ny  and  their  host  compounds 
crystallize  in  the  Th2Ni,7-type  structure  for  x^O.75  and 
Th2Zni7-type  structure  for  x>0.75  which  suggests  that  the 
large  size  of  Gd  atoms  makes  the  hexagonal  Th2Ni, 7-type 
structure  unstable.  In  all  compounds  a  small  amount  of  a-Fe 
was  detected.  The  typical  x-ray  diffraction  patterns  for 
(Ero,7sGdo25)2F®i7Ny  >  Gd2Fe,7N^  and  their  host  compounds 
are  shown  in  Fig.  1.  Compared  with  the  host,  the  diffraction 
peak  positions  for  the  nitride  exhibits  a  clear  shift  toward 
lower  angles,  indicating  the  lattice  expansion  upon  nitroge¬ 
nation.  The  lattice  constants  a  and  c  of  the  nitrides,  like 
those  of  their  host  compounds,  change  very  little  with  x.  The 
average  values  of  a  and  c  of  the  nitrides  are  8.642  A(8.462 
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(Ero75Yo23)2Fe,7N, ,  GdjFcp,  and  GdjFepN,  compounds. 


room  temperature,  for  several  compositions  of 
A)  and  8.458  A(8.307  A)  for  (Erj.^YJiFenNy  and  8.661  (Er,-^Yj2Fe,7Ny .  Indications  for  spin  reorientations  were 
A{8.473  A)  and  8.539  A(8.332  A)  for  (Er,  ..GdJaFenN,  **>e  form  of  maxima  or  jumps  in  the  (T)  curves, 

compounds,  respectively.  The  data  between  parentheses  per-  Based  on  the  values  of  the  spin  reorientation  temperature 

tain  to  the  compounds  before  nitriding.  After  nitrogenation  deduced  from  ac  susceptibility  data,  the  tentative  spin  phase 

the  average  unit-cell  volume  expansion  AV/V  amounts  to  diagrams  are  shown  in  Fig.  3  for  (Er,  _j.Y;()2Fei7Nj,  and  in 

6.0%  for  both  series.  F‘g-  ^  for  (Eri-^Gd^jjFenNy  compounds.  It  is  well  known 

Figure  2  shows  the  temperature  dependence  of  ac  sus-  Er2Fej7  compound  the  magnetization  of  Er 

ceptibility  x  measured  at  temperatures  between  4.2  K  and  sublattice  exhibits  uniaxial  anisotropy,  whereas  the  magneti¬ 
zation  of  Fe  sublattice  has  easy  plane  anisotropy.  Because  the 


FIG.  2.  Temperature  dependence  of  the  ac  susceptibility  (in  arbitrary  units) 

for  (Eri_jYj)2Fei7Nj  compounds.  FIG.  4.  Spin  phase  diagram  of  the  (Eri.;,Gd^)2Fei7Ny  compounds. 
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FIG.  5.  Concentration  dependence  of  the  4.2  K  saturation  magnetization  of 
the  (Er,_jGd^)2Fei7Ny  compounds. 

latter  is  much  larger  ti(m  the  former,  the  net  anisotropy  of 
Er2Fei7  compound  is  planar  in  the  whole  magnetically  or¬ 
dered  temperature  region.  Introduction  of  nitrogen  leads  to 
an  increase  in  the  uniaxial  anisotropy  of  the  Er  sublattice  and 
a  spin  reorientation  from  easy  plane  to  easy  axis  observed  at 
120  K  on  cooling.  It  can  be  seen  from  Fig.  3  and  Fig.  4  that 
the  Tgr  value  increases  a  little  with  Y  or  Gd  concentration  for 
small  X,  going  through  a  broad  maximum  at  x =0.25  for  both 
(Erj  _^Y;t)2Fei7N^  and  (Eri  _;tGd;t)2Fei7N^  compounds,  then 
decreases  monotonically  with  increasing  x  and  reaches  zero 
at  x«0.9  for  both  (Erj_^Y^)2Fei7Nj,  and  (Eri_^Gdj()2FenNy 
compounds.  Therefore,  tentatively,  we  suggest,  as  indicated 
in  Fig.  3  and  Fig.  4,  that  the  increase  of  the  uniaxial  anisot¬ 
ropy  with  X  for  a  small  x  may  be  associated  with  the  prefer¬ 
ential  substitution  of  Y  and  Gd  for  Er.  In  the  hexagonal 
Th2Nii7  structure  there  are  two  crystallographically  non¬ 
equivalent  rare  earth  sites,  2b  and  2d.  In  the  Tm2Fei7  com¬ 
pounds, 20  is  negative  at  2b  sites  and  positive  at  2d  sites,  so 
the  Tm  with  a  positive  Oj  exhibits  uniaxial  anisotropy  at  2b 
sites  and  planar  anisotropy  at  2d  sites.’  It  can  be  reasonably 
assumed  that  such  a  situation  is  applicable  for  the  investi¬ 
gated  (Er,R)2Fei7Nj,  compounds.  The  preferential  substitu¬ 
tion  of  Y  and  Gd  atoms  for  Er  atoms  on  certain  sites  at  which 


Er  exhibits  a  planar  anisotropy  may  lead  to  an  increase  in  the 
uniaxial  anisotropy  of  the  resultant  Er  sublattice.  For  larger  x 
the  substitution  of  Y  or  Gd  for  Er  leads  to  a  decrease  of  Er 
atom  number  at  2b  sites  which  causes  a  decrease  of  uniaxial 
anisotropy. 

The  Curie  temperatures  of  the  (Eri_,Y;t)2Fej7Nj,  and 
(Eri_^Gd_,)2Fe,7N^  compounds  are  also  shown  in  Fig.  3  and 
Fig.  4,  respectively.  The  ylue  of  the  Er2Fei7N^  is  as 
much  as  340  K  higher  than  that  of  the  host.  TTie  Tc  of 
(Eri_^Gd_^)2Fei7Ny  compounds  increases  with  x,  whereas 
of  (Eri_;tY;5)2Fej7Ny  compounds  shows  no  change  as  x  in¬ 
creases.  A  strong  increase  of  the  Curie  temperature  upon  ni- 
trogenation  may  partly  be  explained  in  terms  of  the  lattice 
expansion  of  the  nitrides  which  leads  to  an  increase  in  the 
average  nearest  neighbor  Fe-Fe  distance  and,  therefore,  to 
an  increase  of  the  positive  Fe-Fe  exchange  interaction.  The 
values  for  the  saturation  magnetization  were  derived  by 
extrapolating  the  high  field  part  of  the  magnetization  curves 
measured  at  4.2  K  to  B=0.  The  o-j  values  have  been  cor¬ 
rected  for  the  contribution  of  the  a-Fe  impurity  phase  to  the 
magnetization,  which  could  be  deduced  from  the  high  tem¬ 
perature  magnetization  measurements.  Figure  5  shows  the 
saturation  magnetization  o',  as  a  function  of  x  for 
(Eri_;tGd_t)2Fei7Ny  compounds.  The  rr,  values  of  the  host 
compounds  are  also  presented  in  Fig.  5  for  comparison.  In¬ 
troduction  of  nitrogen  leads  to  an  increase  in  saturation  mag¬ 
netization.  The  cr^  values  in  both  the  (Eri_^Y;t)2Fei7N^  and 
(Eri_;,Gd;,)2Fej7Nj,  compounds  increase  monotonically  with 
X.  However,  the  c,  value  increases  much  faster  in  the  former 
than  in  the  latter,  because  the  moment  of  the  heavy  rare  earth 
element  exhibits  an  antiferromagnetic  coupling  with  the  Fe 
moment,  the  Gd  moment  is  smaller  than  the  Er  moment,  and 
the  Y  has  no  magnetic  moment. 
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Magnetic  properties  of  ErsFeiy-xAi^Ny  compounds 
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Structural  and  magnetic  properties  of  the  Er2Fe,7_;(Al;tN^  compounds  (0^;i[:^3)  have  been 
investigated.  All  nitrides  and  parent  compounds  crystallize  in  the  Th2Nii7  structure.  At  substituted 
for  Fe  leads  to  an  increase  in  lattice  constants  a  and  c.  Introduction  of  nitrogen  results  in  a  further 
increase  of  lattice  constants,  but  the  magnitude  of  this  increase  is  smaller  for  increasing  As  A1 
content  increases,  the  Curie  temperature  of  the  parent  compound  increases,  whereas  the  Curie 
temperature  of  the  nitride  decreases.  The  substitution  of  A1  for  Fe  results  in  a  decrease  of  Fe  moment 
in  both  nitrides  and  parent  compounds.  Introduction  of  nitrogen  leads  to  an  increase  in  the  uniaxial 
anisotropy  of  the  Er  sublattice  and  a  spin  reorientation.  A  tentative  spin  phase  diagram  has  been 
constructed. 


INTRODUCTION 

Recently  the  interstitial  rare  earth-iron  nitrides  R2Fe,7Ny 
have  attracted  much  attention  because  of  the  outstanding 
intrinsic  hard-magnetic  properties  as  potential  high-per¬ 
formance  permanent  magnets.*  The  structural  and  magnetic 
properties  of  these  compounds  have  been  extensively 
investigated.^"^  It  is  well  known  now  that  the  magnetic  mo¬ 
ment  and  Curie  temperature  of  R2Fei7  compounds  are 
strongly  increased  by  the  introduction  of  interstitial  nitrogen. 
Furthermore,  the  absorption  of  nitrogen  also  strongly 
changes  the  magnetocrystalline  anisotropy  of  the  com¬ 
pounds.  The  introduction  of  nitrogen  leads  to  the  appearance 
of  uniaxial  anisotropy  in  the  Sm2Fei7Ny  compounds  in  the 
whole  magnetic  ordering  temperature  region.  Although  Er, 
like  Sm,  possesses  positive  second-order  Stevens  coefficient 
ay ,  the  easy  magnetization  direction  of  Er2Fei7  compound  is 
on  the  basal  plane  in  whole  temperature  region  up  to  Curie 
temperature.  Introduction  of  nitrogen  in  the  Er2Fei7  com¬ 
pound  leads  to  an  increase  of  uniaxial  anisotropy  and  a  spin 
reorientation  from  the  easy  plane  to  the  easy  axis  on 
cooling.® 

It  has  been  found’  that  the  substitution  of  A1  for  Fe  leads 
to  an  increase  in  the  uniaxial  anisotropy  of  Sm  sublattice  in 
Sm2Fei7-,Al;f  compounds.  On  the  other  hand,  A1  is  also 
considered  as  an  important  element  in  improvement  of  mag¬ 
netic  performance  of  the  permanent  magnetic  materials.  For 
example,  the  outstanding  values  of  magnetic  hardness  can  be 
achieved  at  cryogenic  temperature,  both  in  powder  and  bulk 
materials  of  SmCoj,  by  substitution  of  A1  for  Co.*  As  men¬ 
tioned  above,  both  substituting  a  third  element  (such  as  Al) 
for  Fe  and  introducing  the  interstitial  atoms  (such  as  N,  C) 
lead  to  a  remarkable  enhancement  of  the  Curie  temperature 
and  the  uniaxial  anisotropy  in  the  R2Fei7  series  with  R  hav¬ 
ing  a  positive  ay.  Here,  in  an  attempt  to  maximize  these 
enhancements,  we  studied  the  Er2Fei7-jAljNj,  series  to  in¬ 
vestigate  the  effect  of  the  substitution  of  Al  for  Fe  on  the 
structure  and  magnetic  properties  of  the  interstitial  R2Fei7Ny 
nitrides.  In  this  contribution  such  an  effect  has  been  deter¬ 
mined  and  the  results  are  presented. 

EXPERIMENT 

Er2Fei7_,Al^  compounds  with  x=0,  0.1,  0.2,  0.5,  0.75, 
1.0, 2.0,  and  3.0  were  prepared  by  arc  melting  the  constituent 


elements  of  at  least  99.9%  purity.  The  samples  were  homog¬ 
enized  by  annealing  in  vacuum  at  1370  K  for  10  h.  The 
Er2Fej7_^Al;tNy  nitrides  were  prepared  by  heat  treating  the 
pulverized  parent  compounds  in  purified  nitrogen  gas  at  a 
pressure  of  one  atmosphere  at  773  K  for  different  times, 
depending  on  the  Al  content  in  the  parent  compounds,  to 
achieve  a  sufficient  nitrogenation.  The  nitrogen  content  in 
each  nitride  was  determined  by  weighting. 

X-ray  diffraction  with  Cu-Xa  radiation  was  used  to 
check  the  crystal  structure  and  to  determine  the  lattice  con¬ 
stants.  Thermomagnetic  analysis  (TMA)  was  performed  in 
the  temperature  range  from  77  K  to  above  the  Curie  tempera¬ 
ture  in  a  magnetic  field  of  0.8  T  by  means  of  a  Faraday 
balance.  The  Curie  temperatures  were  derived  from  cr^-T 
plots.  The  field  dependencies  of  magnetization  of  samples 
consisting  of  powders  which  were  free  to  be  oriented  by  an 
applied  magnetic  field  were  measured  at  4.2  K  by  means  of 
an  extracting  sample  magnetometer  using  a  field  up  to  7  T 
produced  by  a  superconducting  magnet.  The  values  of  satu¬ 
ration  magnetization  were  derived  by  extrapolating  the  high- 
field  value  to  fi=0.  The  spin  reorientation  temperatures  T^r 
were  determined  from  ac-susceptibility  measurements. 

RESULTS  AND  DISCUSSION 

X-ray  powder  diffraction  patterns  and  TMA  show  that  all 
investigated  ternaries  and  their  nitrides  are  single  phase  ex¬ 
cept  for  a  small  amount  of  a-Fe  in  a  few  samples.  All 
Er2Fe)7_j.Al_,  compounds  and  corresponding  nitrides  crystal¬ 
lize  in  the  hexagonal  Th2Nii7-type  structure.  The  values  of 
lattice  constants  a,  c  are  given  in  Table  I.  Figure  1  shows  the 
lattice  constants  a  and  c  as  a  function  of  Al  content  for  both 
nitrides  and  parent  compounds.  The  substitution  of  Al  for  Fe 
results  in  a  linear  increase  of  lattice  constants  a  and  c  in  the 
parent  compounds.  This  may  be  associated  with  the  larger 
radius  of  the  Al  atom  compared  with  that  of  the  Fe  atom.  The 
introduction  of  nitrogen  in  Er2Fei7_;^Al;t  leads  to  a  further 
increase  of  lattice  constants,  whereas  the  amplitude  of  this 
increase  decreases  monotonically  with  increasing  Al  content, 
furthermore,  the  lattice  constants  a  and  c  of  the  nitrides  are 
almost  independent  of  Al  content,  which  suggests  that  the 
substitution  of  Al  for  Fe  prevents  the  absorption  of  nitrogen. 
The  values  of  nitrogen  content  y  introduced  in  nitrides  are 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021-8979/94/75(1 0)/6241/3/$6.00 


©  1994  American  Institute  of  Physics  6241 


TABLE  I.  The  lattice  constants  (a  and  c),  Curie  temperature  (Tc),  average 
iron  magnetic  moment  spin  reorientation  temperature  (T„)  and  nitro¬ 
gen  content  (y)  for  Er2Fei7_;^^Ny  compounds.  The  data  in  parentheses 
pertain  to  the  compounds  before  nitriding.  Error:  a  and  c  (±0.005  A);  Tc 
and  r„  (±5  K);  fifc  (±0.02),  y =(±5%). 


X 

a 

(A) 

c 

(A) 

Tc 

(K) 

T„ 

(K) 

y 

0.0 

8.645 

8.540 

690 

121 

2.28 

2.6 

(8.448) 

(8.291) 

(313) 

(1.98) 

0.1 

8.632 

8.512 

714 

136 

2.27 

2.6 

(8.475) 

(8.299) 

(355) 

(1.97) 

0.2 

8.658 

8.559 

710 

... 

2.27 

2.5 

(8.447) 

(8.313) 

(360) 

(1.96) 

0.5 

8.677 

8.561 

691 

140 

2.24 

2.4 

(8.472) 

(8.299) 

(363) 

(1.95) 

1.0 

8.650 

8.568 

645 

153,235 

2.20 

2.2 

(8.458) 

(8.326) 

(371) 

(1.94) 

2.0 

8.662 

8.5673 

609 

153,287 

2.10 

1.7 

(8.502) 

(8.341) 

(409) 

(1.88) 

3.0 

8.640 

8.550 

559 

154 

1.95 

1.2 

(8.544) 

(8.377) 

(412) 

(1.83) 

listed  in  Table  I.  The  nitrogen  content  y  in  Er2Fej7_^Al_(Nj, 
decreases  tnonotonically  with  increasing  A1  content.  Accord¬ 
ing  to  the  neutron  diffraction  and  Mossbauer  effect  studies  of 
Nd2Fei7_;tAl, the  A1  fractional  occupancy  on  the  18  /  sites 
in  the  Nd2Fei7_;tAli  increases  uniformly  with  increasing  the 
A1  content.  The  occupancy  of  the  larger  A1  atoms  on  the  18  / 
sites  results  in  a  decrease  of  9e  spacial  volume  and  may 
prevent  the  introduction  of  nitrogen  atoms. 

The  average  iron  magnetic  moment  /Uf^  was  calculated 
on  the  basis  of  the  saturation  magnetization  cr^  measured  at 
4.2  K.  The  values  have  been  corrected  for  the  contribution 
of  the  a-Fe  impurity  phase  to  the  magnetization,  which  could 
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FIG.  1.  A1  content  dependence  of  the  lattice  constants  a  and  c  of  Ih; 
Er2Fe|7_jAl^N,.  and  Er2Fei7_jAl;,  compounds. 
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FIG.  2.  The  average  iron  magnetic  moment  /Upc  vs  the  A1  concentration  for 
Er2Fci7.;,Al;,N^  and  Er2Fe,7_^Al^  compounds. 

be  deduced  from  the  high  temperature  magnetization  mea¬ 
surements.  /ifc  values  as  a  function  of  At  content  are  shown 
in  Fig.  2.  In  the  evaluation  of  the  magnetic  moment  per  iron 
ion  it  was  assumed  that  the  moment  of  Er  ion  is  independent 
of  the  A1  content  and  the  value  is  same  as  that  of  the  free  Er 
ion.  It  can  be  seen  that  either  in  the  parent  compounds  or  in 
the  nitrides  the  average  Fe  ion  moment  decreases  monotoni- 
cally  with  increasing  A1  content.  In  the  case  of  the  parent 
compounds,  the  Fe  moment  decreases  from  1.98  fig  for±=0 
to  1.83  fig  for  x=3.  This  indicates  a  quenching  of  the  Fe 
moment  by  the  substitution  of  Al,  which  is  similar  tc  various 
analogous  systems  based  on  Al,  rare  earth  and  magnetic  tran¬ 
sition  metals.*®  Plusa  era/.*'  explained  the  decrease  of  the 
average  Fe  moment  with  Al  concentration  in  Y2(Fei__(Al;j)i7 
pseudobinary  compounds  by  assuming  that  all  the  aluminum 
valence  electrons  populate  the  3d  band  of  the  Y2Fei7  com¬ 
pound  and  that  one  spin  subband  is  completely  full.  Intro¬ 
duction  of  nitrogen  leads  to  an  increase  in  the  average  iron 
moment,  but  the  amplitude  of  the  increase  upon  nitrogena- 
tion  decreases  monotonically  with  increasing  Al  content, 
which  may  be  associated  with  the  decrease  of  the  nitrogen 
content  with  increasing  Al  content.  The  values  of  Ckirie  tem¬ 
perature  Tc  for  both  nitrides  and  parent  compounds  are  also 
listed  in  Table  I.  Tc  of  the  parent  compounds  increases  with 
X,  which  may  be  related  to  the  increase  of  lattice  constants, 
corresponding  to  an  increase  of  the  positive  Fe-Fe  exchange 
coupling.  Introduction  of  nitrogen  leads  to  a  further  increase 
in  T^,  but  Tc  of  the  nitrides  decreases  monotonically  with 
increasing  x.  Because  the  lattice  constants  of  the  nitrides  are 
nearly  independent  of  Al  content,  the  decrease  of  Tc  of  ni¬ 
trides  with  Al  content  should  be  associated  with  the  decrease 
of  Fe  moment  and  the  decrease  of  the  nitrogen  content. 

Figure  3  shows  the  temperature  dependence  of  ac  sus¬ 
ceptibility  X,  measured  at  temperatures  between  4.2  K  and 
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FIG.  3.  Temperature  dependence  of  the  ac  susceptibility  (in  arbitrary  units) 
for  Er2Fe|7.;,Al,Ny  compounds. 


room  temperature,  for  several  compositions.  Indications  for 
spin  reorientation  were  found  in  the  form  of  maxima  or 
jumps  in  the  x  (T)  curves.  Based  on  the  values  of  the  spin 
reorientation  temperatures  T^r  deduced  from  ac  susceptibility 
data,  a  tentative  spin  phase  diagram  for  the  nitride  is  shown 
in  Fig.  4.  Introduction  of  nitrogen  leads  to  an  increase  in  the 
uniaxial  anisotropy  of  the  Er  sublattice  and  a  spin  reorienta¬ 
tion  at  120  K.  The  spin  reorientation  temperature  T,,  in¬ 
creases  with  increasing  A1  content.  For  the  nitrides  with 
;r>0.5,  two  spin  reorientations  can  be  observed  at  ^srl  and 
^sr2>  respectively,  which  suggests  that  with  decreasing  tem¬ 
perature  the  magnetization  of  the  nitrides  starts  to  depart 
from  the  c  plane  at  and  coincides  with  the  c  axis  at  TsrZ. 
For  the  temperature  between  ^nd  an  easy  cone  can 
be  expected.  Li  and  Cadogan'^  investigated  the  carbon  con¬ 
tent  dependence  of  the  crystal  field  coefficients  for 
Sm2Fei7C3_,  compounds  and  found  .hat  both  >^20  and  .4^0 
become  mure  negative  with  increasing  carbon  content 
whereas  4  40  becomes  more  positive.  It  can  be  reasonably 
assumed  that  such  a  content  dependence  of  the  crystal  field 
coefficients  is  applicable  for  Er2Fei7Nj,  compounds.  The  ap¬ 
pearance  of  an  easy  cone  in  the  nitrides  with  x>0.5  may  be 
due  to  the  fact  that  the  decrease  of  nitrogen  content  with 


FIG  4.  Th'-  tentative  spin  phase  diagram  of  the  ErjFep.^AI^Ny 
compounds. 

increasing  A1  content  resulted  in  a  shift  of  4  20  toward  less 
negative  and  a  negative  value  (including  the  negative 
contribution  of  the  Fe  sublattice).  In  addition,  a  positive  440 
gives  a  positive  Kz  which  leads,  in  certain  x  region,  to  the 
coridition  for  easy  cone,  sin^  6--K]l2Kz,  to  be  satisfied. 
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Samples  of  (Cu/Zn)-bonded  and  unbonded  Sm2Fej7M^Nj,  with  M=B  or  C  (x=0,  0.25,  and  0.5; 
y<3)  were  fabricated.  All  the  samples,  besides  those  with  B,  show  single  Curie  temperature  and 
with  Sm2Fei7-type  crystal  structure;  however,  multiphase  structure  and  double  Tc  were  observed  in 
ail  the  samples  with  B.  For  all  the  heating  runs  the  electrical  resistivity  roughly  above  600  K 
increases  abruptly  for  all  Zn-bonded  samples;  and  decreases  abruptly  for  all  Cu-bonded  samples. 

After  these  high  temperature  runs,  the  residual  electrical  resistivity  increases  for  all  Zn-bonded 
samples,  and  decreases  for  all  Cu-bonded  samples.  The  effects  of  Cu  segregation  and  Zn  reaction 
with  samples  are  identified  by  the  EPMA  analyses. 


Interstitial  nitrides  Sm2Fei7N^  magnets  discovered  by  vibration  sa’ nple  magnetometer  (VSM)  and  superconducting 

Coey  era/.'  have  been  extensively  studied  during  the  past  quantum  interference  device  (SQUID)  were  used  to  deter- 

few  years,  e.g..  Refs.  1-9.  It  was  found  that  the  effect  of  mine  the  magnetization. 

nitrogen  on  the  structure  is  to  expand  the  unit  cell  without  Powder  x-ray  diffraction  analyses  show  that  the  Sm2Fei7 
changing  the  symmetry  of  the  2:17  parent  compound.  phase  with  the  Th2Zni7  crystal  structure  exists  in  our 

Sm2Fei7Nj,  compound  possesses  high  Curie  temperature,  a  samples;  however,  a  small  amount  of  a-Fe  is  always  pre¬ 
strong  uniaxial  anisotropy  field,  and  a  high  saturation  mag-  sented  in  most  of  our  samples.  Multiphase  structure  was  ob- 

netization,  which  are  comparable  or  superior  to  those  of  served  in  the  samples  with  B.  As  an  example,  the  powder 

Nd2Fei4B.  However,  Sm2Fe,7Ny  is  metastable  and  decom-  x-ray  diffraction  patterns  observed  for  Sm2Fei7, 

poses  to  SmN  and  a-Fe  at  high  temperatures  roughly  above  Sm2Fe)7Co.5,  Sm2Fe]7Bo.5,  and  Sm2Fe,7N2.6  samples  are 

650  °C."’  In  general,  low-temperature-melting  metals  such  as  shown  in  Fig.  1  (a)  to  1  (d),  respectively.  It  is  clearly  that  the 

Zn,  Sn,  and  In  or  organic  resins  such  as  epoxy  are  used  to  2  :  17  phase  peaks  in  (b)  and  (d)  are  shifted  to  lower  angles 

form  Sm2Fei7N^  bonded  magnets.""'*  in  comparison  with  (a)  for  Sm2Fei7;  their  lattice  parameters 

Samples  for  this  study  were  prepared  from  commercially  a  and  b  were  roughly  calculated  from  the  powder  x-ray  dif- 

available  high  purity  Sm(99.9%),  Fe(99.99%),  C,  B,  and  ni-  fraction  pattern  to  be  a --8.58,  8.63,  8.71  A,  and  6  =  12.41, 

trogen  gas.  The  Sm2Fe,7  ingots  were  prepared  by  arc  melting  12.45,  12.61  A,  for  Sra2Fe]7,  Sm2Fei7Co.5,  and  Sm2Fei7N^ , 

technique,  followed  by  an  anneal  in  vacuum  at  1270  K  for  respectively.  Curve  (b)  in  Fig.  1  shows  multiphase  structure 

two  days.  For  samples  containing  C  or  B,  the  C  and  B  were  in  Sm2Fei7Bo.5. 

added  during  the  arc-melting  process.  These  ingots  were  The  temperature  dependence  of  the  magnetization  M  at 

crushed  and  milled  to  powders  with  the  average  particle  size  8  kG  of  the  samples  had  been  studied  between  4  and  1100  K. 

of  10  ftm.  The  temperature  for  nitrogenation  is  in  the  range  The  value  of  the  magnetization  at  4  K  are  roughly  between 

from  700  to  800  K.  In  order  to  avoid  a  possible  phase  tran-  100  and  120  emu/g  for  all  the  unbounded  samples,  and  be- 

sition  during  cooling  the  quartz  tubes  were  water  quenched  tween  80  and  100  emu/g  for  all  (Zn/Cu)-bonded  samples, 

afterwards.  For  bonded  samples,  the  milled  samples  were  Typically,  four  kinds  of  behaviors  have  been  observed;  as  an 

blended  with  25  wt  %  of  Zn  or  Cu  powders  (-325  mesh),  example.  Fig.  2  presents  the  normalized  magnetization 

and  pressed  into  pellets  with  a  pressure  of  4  tons/cm^  in  a  M/Mq  as  functions  of  temperature  for  (a)  Sm2Fei7,  (b) 

magnetic  field  of  1  T.  Pellets  were  then  heat  treated  in  N2  for  Sm2Fei7Co.5,  (c)  Sm2Fei7Bo5,  and  (d)  Sm2Fei7N2,6.  A/q  is  the 

2  h  at  temperatures  of  620-720  K  for  Zn-bonded  samples,  magnetization  at  4  K  and  8  kG  for  each  sample.  Clearly,  the 

and  of  620-800  K  for  Cu-bonded  samples.  All  the  samples  magnetization  roughly  above  900  K  increase  slowly  and  then 

were  characterized  by  powder  x-ray  diffraction,  scanning  drop  abruptly  around  1040  K  with  increasing  temperature, 

electron  microscopy  (SEM)  with  electron  probe  microanaly-  This  suggests  that  a-Fe  is  precipitated  roughly  above  900  K. 

sis  (EPMA)  and  differential  scanning  calorimeter  (DSC),  etc.  Besides  the  Curie  temperature  of  a-Fe  around  1040  K,  the 

The  electrical  resistivity  and  magnetization  of  these  curves  show  single  around  390  K  for  Sm2Fei7,  around 
samples  were  measured  as  functions  of  temperatures  be-  540  K  for  Sm2Fei7Co,5,  and  around  780  K  for 
tween  4  and  1200  K.  For  the  magnetization  studies,  both  Sm2Fei7N2.6.  However,  double  around  400  and  600  K  had 
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FIG.  1.  The  powder  x-ray  diffraction  patterns  for  (a)  Sra2Fei7,  (b) 
Sm2Fe,7Q,5,  (c)  Sm2Fe|7Boj,  and  (d)  Sm2Fe,7N24  samples. 

observed  for  all  the  Sm2Fei7B;,  samples.  From  the  x-ray  dif¬ 
fraction  pattern,  the  electrical  resistivity,  and  the  magnetiza¬ 
tion  studies,  we  conclude  that  besides  the  a-Fe  phase,  at  least 
two  major  mixture  phases  with  around  400  and  600  K,  are 
coexisted  in  the  Sm2Fei7B^  magnets.  We  guess  that  they  may 
be  the  Sm2Fe,7  and  Sm2Fei4B  phases. 

The  electrical  resistivity  p  of  the  bulk  Sm2Fei7M;t  (M=C 
or  B;  x=0,  0.25,  and  0.5)  samples  has  been  studied  with 
increasing  and  decreasing  temperatures  between  4  and  1200 
K.  Each  resistivity  curve  approaches  to  a  constant  residual 
resistivity  near  4  K;  and  its  value  decreases  after  the  high 
temperature  run.  This  indicates  that  the  scattering  centers  for 
the  conduction  electrons  are  decreased  after  high  temperature 
runs;  and  also  suggests  that  a-Fe  and  other  ordered  phases 


FIG.  2.  The  normalized  magnetization  as  a  function  of  temperature  for  (a) 
Sm2Fei7,  (b)  Sm2Fe,7Co5.  (c)  Sm2Fei7Boj,  and  (d)  Sm2Fe,7N24  samples. 


FIG,  3.  The  electrical  resistivity  and  its  derivative  dp/dT  of  the 
Sm2Fei7Q,2s  sample  as  functions  of  T  between  4  and  1200  K.  (O;  heating 
run,  X:  cooling  run,  and  9;  4p/dT  for  heating  run.) 


may  be  precipitated  after  the  high  temperature  runs.  Typi¬ 
cally,  Fig.  3  presents  the  electrical  resistivity  data  of 
Sm2Fei7Co  25  sample.  The  open  circle  and  cross  are  associ¬ 
ated  with  heating  and  cooling  runs,  respectively.  The  deriva¬ 
tive  of  the  electrical  resistivity  with  respect  to  temperature 
for  the  heating  run  is  plotted  by  dots  in  Fig.  3.  Tc  determined 
from  the  peak  of  dp/dT  are  480  K  for  Sm2Fei7Co,25  phase 
and  1040  K  for  a-Fe  phase. 


FIG.  4.  Tlie  electrical  resistivity  as  a  function  of  T  between  4  and  1000  K 
for  (a)  Zn-bonded  Sm2Fei7N2o,  and  (b)  Cu-bonded  Sm2Fei7Co  25^26  (Ths 
sequence  of  the  heating  and  cooling  runs  is  indicated  by  arrows.) 
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FIG.  5.  (a)  The  SEM  micrograph  of  the  Cu-bonded  Sm2Fe|7Co23N26  after 
the  high  temperature  resistivity  measurement,  (b)  The  EPMA  picture  of  (a) 
for  Fe-rieh  distribution,  (c)  The  EPMA  picture  of  (a)  for  Cu-rich  distribu¬ 
tion.  (d)  The  SEM  micrograph  of  the  Zn-bonded  SmjFenNjo  after  the  high 
temperature  resistivity  measurement,  (e)  The  EPMA  picture  of  (d)  for  Fe- 
rich  distribution,  (f)  TTie  EPMA  picture  of  (d)  for  Zn-rich  distribution. 


The  coercivity  of  the  Zn-bonded  samples  can  be  im¬ 
proved  to  6-14  kOe  after  annealing  them  between  620  and 
720  K  in  N2  for  2  h.  However,  of  the  Cu-bonded  samples 
was  only  reached  1-3  kOe  after  annealing  them  between  620 
and  800  K  in  N2  for  2  h.  Generally  speaking,  from  the  DSC 
investigations  below  700  K  for  all  the  (Zn/Cu)-bonded 
samples,  we  found  that  an  exotherm  peak  between  600  and 
700  K  for  all  the  bonded  samples,  and  an  endothermic  peak 
between  400  and  450  K  for  Cu-bonded  samples  only.  The 
exotherm  peak  has  been  explained  to  be  the  onset  tempera¬ 
ture  of  the  nitrogen  absorption  into  Sm2Fei7.'^  It  is  not  clear 
at  present  about  the  conesponding  changes  correlated  to  the 
exdothermic  peak  for  all  the  Cu-bonded  samples.  However, 
it  seems  to  relate  the  slope  increase  of  the  resistivity  near  450 
K  with  increasing  temperature  for  all  the  Cu-bonded  samples 
as  shown  in  Fig.  4. 

In  general,  the  temperature  dependence  of  the  magneti¬ 
zation  at  8  kG  for  all  the  (Zn/Cu)-bonded  Sm2Fei7M^Nj, 
samples  behaves  quite  similarly  to  the  curve  d  in  Fig.  2  with 
Tc  around  780  K.  However,  this  two  bonded  groups  show 
completely  different  behaviors  for  the  temperature  depen¬ 
dence  of  p  with  increasing  and  decreasing  temperatures  be¬ 
tween  4  and  1000  K.  The  typical  behaviors  are  that  (1)  for  all 
Zn-bonded  samples,  the  heating  run  p  increases  abruptly 
roughly  above  600  K,  and  the  value  of  p  for  the  cooling  run 
is  always  higher  than  that  of  heating  run;  (2)  for  all  Cu- 
bonded  samples,  the  heating  run  p  decreases  abruptly 


roughly  above  600  K,  and  the  value  of  cooling  run  p  is 
always  lower  than  that  of  the  heating  run.  In  Fig.  4,  as  an 
example,  curve  a  shows  the  p  of  Zn-bonded  Sm2Fei7N2o 
samples,  and  curve  b  shows  the  p  of  Cu-bonded 
Sm2Fei7Co.25N2,6  samples.  The  sequence  of  the  heating  and 
cooling  runs  is  indicated  by  anows  in  the  figures. 

From  the  EPMA  investigations  of  the  SEM  micrographs 
of  the  (Zn/Cu)-bonded  samples,  we  found  that  in  the  Cu- 
bonded  samples  after  the  high  temperature  measurements  the 
Fe-rich  and  Cu-rich  areas  are  completely  distinguishable.  As 
shown  in  Fig.  5,  (a)  is  the  SEM  miaograph  of  the  Cu- 
bonded  Sm2Fei7Co25N2.6  sample  after  the  electrical  resistiv¬ 
ity  measurements;  (b)  is  the  EPMA  picture  of  Fig.  5(a)  for 
the  Fe-rich  distribution  (white  regions);  and  (c)  is  the  EPMA 
picture  of  Fig.  5(a)  for  the  Cu-rich  distribution  (white  re¬ 
gions).  However,  it  is  difficult  to  separate  the  Fe-rich  and 
Zn-rich  regions  in  Zn-bonded  samples.  As  an  example.  Fig. 
5(d)  is  the  SEM  micrograph  of  the  Zn-bonded  Sm2Fei7N2o 
sample  after  the  electrical  resistivity  measurements;  (e)  is  the 
EPMA  picture  of  Fig.  5(d)  for  the  Fe-rich  distribution  (white 
regions);  and  (f)  is  the  EPMA  picture  of  Fig.  5(d)  for  the 
Zn-rich  distribution  (white  regions). 

Finally,  for  Cu-bonded  samples,  the  main  reason  for  the 
decrease  of  p  after  high  temperature  runs  is  due  to  the  seg¬ 
regation  of  Cu  and  precipitation  of  Fe,  so  that  the  scattering 
center  for  conducting  electrons  is  reduced;  however,  the 
variation  of  the  magnetization  and  coercivity  is  small  after 
the  Cu  bonding.  For  Zn-bonded  samples,  the  main  reason  for 
the  increase  of  p  after  high  temperature  runs  is  due  to  the 
chemical  reactions  between  Zn  and  Sm2Fe,7M;,N^;  and  under 
proper  annealing,  the  variation  of  magnetization  is  small,  but 
the  coercivity  can  be  enhanced  up  to  14  kOe. 

This  work  was  supported  by  the  National  Science  Coun¬ 
cil  of  the  ROC  through  Grant  No.  NSC82-0212-M-194-016. 
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The  interstitial  nitrides  Dy2Fei7_,Al;fNy  with  and  0!Sy^2.7  and  hydrides  Dy2Fei7_;jAl;jH^ 

with  and  0^y^4.2  have  been  synthesized  by  means  of  melting  and  by  means  of  the 

gas-phase-interaction  method.  The  effect  of  the  interstitial  atoms  on  the  structure  and  the  lattice 
parameters  has  been  investigated.  For  the  nitrogenated  compounds,  it  is  found  that  nitrogen  can  be 
introduced  until  a  maximum  volume  expansion  is  reached.  The  magnetic  properties  of  the  interstitiai 
compounds,  including  high-held  magnetization  at  4.2  K  and  Curie  temperatures,  have  been 
measured.  The  Dy-Fe  exchange  interaction  is  found  to  decrease  upon  introduction  of  the  interstitial 
atoms. 


I.  INTRODUCTION 

Since  the  discovery  by  Coey  and  Sun'  that  the  introduc¬ 
tion  of  interstitial  nitrogen  greatly  improves  the  magnetic 
properties  of  Y2Fei7  and  Sm2Fe|7,  much  work  has  been  done 
to  investigate  the  interstitial  nitrides.  It  has  been  established 
that  nitrogenation  enhances  the  Curie  temperatures  and  the 
saturation  magnetization  of  R2Fei7  (R=rare  earth)  com¬ 
pounds.  A  similar  effect  has  been  observed  earlier  for  the 
introduction  of  interstitial  hydrogen  in  R2Fei7  compounds 
(see,  for  instance.  Ref.  2).  However,  the  influence  of  the 
interstitial  atoms  on  the  R-T  (r= transition  metal)  exchange 
interaction  in  nitrides  and  hydrides  has  not  been  studied  in 
very  much  detail.  In  the  present  work,  we  have  investigated 
the  effect  of  interstitial  nitrogen  and  hydrogen  on  the  Dy-Fe 
coupling  in  Dy2Fei7_^Al;t  compounds. 


II.  EXPERIMENT 

The  parent  compounds  of  the  series  Dy2Fei7_;,Alj  with 
x=0.0,  1.0,  2.0,  3.0,  4.0,  5.0,  6.0,  and  7.0  were  prepared  by 
arc  melting  the  starting  materials  with  purities  higher  than  or 
equal  to  99.9%.  After  the  melting,  the  ingots  were  annealed 
at  1000  ®C  for  three  weeks.  The  homogenized  ingots  were 
checked  by  x-ray  diffraction  and  found  to  be  single  phase. 

The  nitrogenation  was  carried  out  on  fine  powder  par¬ 
ticles  (with  diameters  ^40  /rm)  in  a  furnace  at  about  500  °C 
with  flowing  nitrogen  gas.  lire  time  needed  to  reach  suffi¬ 
cient  nitrogenation  varies  from  compound  to  compound.  It 
was  found  that  with  increasing  aluminum  content  in  the  par¬ 
ent  series,  the  nitrogenation  becomes  increasingly  difficult. 
Hydrogenation  was  performed  by  heating  powdered  samples 
for  a  few  hours  at  about  250  °C  in  flowing  hydrogen  gas.  It 
was  found  that  the  hydrogenation  can  only  be  carried  out  for 
compounds  with  x<5.  The  nitrogen  and  hydrogen  contents 
were  determined  by  weighing  the  samples.  A  detailed  de¬ 
scription  of  the  synthesis  of  the  interstitiai  nitrides  and  hy¬ 
drides  will  be  given  in  Ref.  3. 

All  nitrogenated  and  hydrogenated  compounds  have 
been  checked  by  x-ray  diffraction  (with  CuXa  radiation)  to 
confirm  the  formation  of  the  interstitial  phases,  to  determine 


the  lattice  constants,  and  to  detect  the  presence  of  possible 
impurity  phases. 

High-field  magnetization  measurements  up  to  35  T  at  4.2 
K  have  been  carried  out  in  the  Amsterdam  high-field 
installation.'*  The  samples  consisted  of  powder  particles  that 
were  free  to  rotate  in  the  sample  holder.  The  Curie  tempera¬ 
tures  were  measured  by  means  of  an  automatic 
magnetization-temperature  recorder  based  on  the  Faraday 
method.  The  magnetic  field  applied  in  the  measurement  was 
0.14  T. 

III.  RESULTS  AND  DISCUSSION 

A.  Expansion  of  the  unit  cells  upon  the  introduction 
of  Interstitial  nitrogen  and  hydrogen 

Figure  1  shows  as  an  example  the  diffraction  patterns  of 
the  Dy2Fei7_^Al^  compound  with  x  =  l  and  its  nitride  and 


FIG.  1.  X-ray  diffraction  patterns  of  the  compound  (a)  DyjFei^  and  its 
interstitial  (b)  hydride  and  (c)  nitride.  The  dashed  peaks  are  from  the  Si 
standard  for  calibration. 
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TABLE  I.  Stiuctural  data  of  compounds  with  x=0, 1, 2, 3, 4, 5,  6  and  7,  and  their  interstitial  hydrides  and  nitrides.  The  lattice  parameters 

(o  and  c)  are  given  in  A.  The  expansion  AV/V  is  given  in  %. 


X 

Parent  compounds 

Z-H 

Z=N 

Type 

a 

c 

a 

c 

y 

AVIV 

a 

c 

y 

AVIV 

0 

hex. 

8.476 

8.312 

8.552 

8.408 

4.0 

3.1 

8.648 

8.473 

2.7 

6.1 

1 

hex. 

8.494 

8.316 

8.554 

8.412 

3.2 

2.6 

8.645 

8.490 

2.2 

5.8 

2 

hex. 

8.538 

8.344 

8.575 

8.438 

2.6 

2.1 

8.652 

8.472 

1.7 

4.3 

3 

rh. 

8.566 

12.615 

8.610 

12.673 

2.5 

1.5 

8.670 

12.660 

1.2 

2.8 

4 

rh. 

8.609 

12.564 

8.615 

12.674 

1.8‘ 

1* 

8.665 

12.682 

1.3 

2.3 

5 

rh. 

8.632 

12.592 

8.632 

12.592 

0 

0 

8.668 

12.949 

0.7 

1.7 

6 

rh. 

8.667 

12.616 

8.667 

12.616 

0 

0 

8.659 

12.716 

0.3* 

0.8* 

7 

rh. 

8.709 

12.636 

8.709 

12.636 

0 

0 

8.709 

12.636 

0 

0 

‘These  data  should  be  considered  as  less  accurate. 


hydride.  It  can  be  clearly  seen  that  the  unit-cell  volume  ex¬ 
pands  upon  nitrogenation  and  hydrogenation,  the  expansion 
caused  by  the  nitrogenation  being  the  largest.  Similar  results 
have  been  obtained  for  the  nitrides  up  to  x =6  and  for  the 
hydrides  up  to  x=4.  In  Table  I,  the  structural  data  of  the 
compounds  are  listed.  In  the  calculation  of  the  unit-cell  vol¬ 
umes,  the  volumes  of  the  compounds  crystallizing  in  hexago¬ 
nal  structure  have  been  multiplied  by  l.S  to  compare  them 
with  the  unit-cell  volumes  of  the  compounds  with  rhombo- 
hedral  structure. 

It  is  interesting  to  note  that  the  amount  of  interstitial 
atoms  that  can  be  introduced  into  the  compounds  decreases 
with  increasing  aluminum  concentration.  Above  x=6  nitro¬ 
genation  was  not  found  to  be  possible  and  above  x=4  hy¬ 
drogenation  was  not  possible,  even  after  treatments  for  a 
very  long  time.  All  nitrogenated  compounds  have  almost  the 
same  lattice  parameters,  appearing  to  reach  a  maximum  ex¬ 
pansion.  The  same  phenomenon  has  previously  been  ob¬ 
served  for  other  series.*  In  the  case  of  the  hydrides,  this 
“maximum  expansion”  phenomenon  was  not  observed. 

As  is  usually  observed,  a-Fe  precipitates  in  the  samples 
during  the  nitrogenation,  which  contributes  to  the  magneti¬ 
zation  of  the  compounds.  A  method  to  conect  for  this  impu¬ 
rity  contribution  is  presented  elsewhere.® 

B.  Magnetic  properties  of  the  Interstitial  nitrides  and 
hydrides 

The  Curie  temperatures  of  the  compounds  Dy2Fei7-;cAl^ 
and  Dy2Fe]7_^Al;tNj,  are  listed  in  Table  II.  In  the  range  x^3, 
substitution  of  Fe  by  A1  causes  an  increase  in  the  Curie  tem¬ 
perature,  which  has  been  discussed  in  Refs.  7  and  8.  The 
expansion  of  the  unit  cell  caused  by  the  introduction  of  ni¬ 
trogen  is  accompanied  by  an  increase  of  the  Curie  tempera¬ 
ture.  The  amount  of  nitrogen  that  can  be  introduced,  how¬ 
ever,  decreases  with  increasing  A1  concentration,  which  is 
accompanied  by  a  reduced  increase  of  the  Curie  temperature. 

In  R-T  compounds,  the  magnetic  properties  change  from 
ferromagnetic  to  ferrimagnetic  when  R  proceeds  from  the 
light  rare  earths  to  the  heavy  rare  earths.®  If  the  applied  ex¬ 
ternal  field  is  sufficiently  high,  the  fenimagnetic  spin  struc¬ 
ture  is  affected,  the  magnetic  moments  start  to  bend,  and  the 
magnetization  increases.  A  simple  model  that  describes  the 
magnetization  process  of  (single-crystalline)  powder  par¬ 


ticles  that  are  free  to  rotate  in  the  applied  field  has  been 
presented  by  Verhoef  eta/.*®  According  to  this  model,  the 
intersublattice  molecular-field  coefficient  /i/jj-  can  be  derived 
directly  from  the  magnetic  susceptibility  in  the  region  where 
the  departure  from  the  ferrimagnetic  structure  occurs: 

n^r=BIM.  (1) 


The  exchange  constant  (the  exchange  parameter  appear¬ 
ing  in  a  nearest-neighbor  Heisenberg-type  Hamiltonian)  can 
be  obtained  by  means  of  the  equation 


SrM'B^  t 
i8R~^)^RT 


(2) 


where  is  the  Lande  factor  of  the  R  ion,  Nf  is  the  number 
of  T  atoms  per  formula  unit,  and  the  Z/jj-  is  the  number  of 
nearest  T-atom  neighbors  of  an  R  atom. 

As  examples,  in  Fig.  2  the  free-powder  magnetization 
curves  are  presented  for  the  hydride  and  the  nitride  with 
x=4.  The  Juf  values  that  could  be  derived  for  the  investi¬ 
gated  nitrides  and  hydrides  are  collected  in  Table  II,  together 
with  the  Jiff  values  for  the  parent  compounds  taken  from 
Ref.  7.  It  can  be  seen  clearly  from  the  table  that  the  intro¬ 
duction  of  hydrogen  or  nitrogen  leads  to  a  decrease  of  i/oyFel) 
which  is  the  strongest  for  the  nitrides.  This  decrease  of  the 
R-T  coupling  upon  introduction  of  interstitial  atoms  has  also 
been  observed  in  other  series."  The  decrease  may  be  inter- 


TABLE  II.  Curie  temperatures  (Tc)  und  the  intersublattice-coupling  con¬ 
stants  (JoyfJk),  both  expressed  in  K,  for  the  Dy-Fep.jAl^  compounds  and 
the  corresponding  interstitial  hydrides  and  nitrides.  The  values  of  the 
parent  compounds  have  been  taken  from  Ref.  7. 


X 

Parent  compounds 

Z  =  H 

DyFe/^ 

1! 

Tc 

-J  Oyfjk 

DyFe/^ 

Tc 

0 

371 

699 

1 

404 

671 

2 

436 

592 

3 

451 

10.6'’ 

9.8 

8.6 

525 

4 

436 

9.04 

8.5 

7.5 

457 

5 

395 

8.77 

7.3” 

423” 

6 

319 

9.25 

7 

237 

10.1 

'No  values  available. 

*’Data  should  be  considered  as  less  accurate. 
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FIG.  2.  Magnetic  isotherms  at  4.2  K  of  the  interstitial  hydride 
Dy2FeijAl4Hi^  and  nitride  DyjIeijAl^Nij. 


preted  to  result  from  the  increase  of  the  unit-cell  volume  and 
the  associated  increase  of  the  spatial  separation  of  the  ions. 
Since  the  3d-4f  interaction  which  is  mediated  by  the  hybrid¬ 
ization  of  the  3rf-  and  5r/-electron  states  is  distance  depen¬ 


dent,  a  decrease  of  upon  introduction  of  interstitial  at¬ 
oms  seems  natural. 
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High-coercivity  Sm-Fe-Ga-C  compounds  with  Th2Zni7  structure 
by  melt  spinning 

Un-Shu  Kong,  Bao-gen  Shen,  Farig-wei  Wang,  Lei  Cao,  Hui-qun  Guo,  and  Tai-shan  Ning 
State  Key  Laboratory  of  Magnetism,  Institute  of  Physics,  Chinese  Academy  of  Sciences,  P.  O.  Box  603, 
Beijing  100080,  Chirm 

The  magnetic  hardening  of  the  Sm2Fei4Ga3Ct  was  investigated  by  melt  spinning.  It  was  found  that 
high  coercivities  can  be  achieved  by  direct  quenching  at  the  optimum  substrate  velocity.  The 
coercivities  of  12.6-15.0  kOe  were  obtained  in  Sm2Fei4Ga3Q.  ribbons  with  carbon  contents  x  from 

1.0  to  2.5.  The  as-quenched  Sm2Fei4Ga3Ci^  ribbons  had  a  coercivity  exceeding  13  kOe  within  a 
large  range  of  quench  rates  between  18  and  30  m/s.  X-ray  diffraction  experiments  indicate  that  the 
ribbons  are  almost  entirely  comprised  of  the  Th2Zni7  phase.  It  is  concluded  that  Ga  not  only 
stabilizes  the  hard  magnetic  phase  but  also  is  very  effective  in  raising  the  coercivity  in  the 
Sm2Fei4Ga3C,  melt-spun  ribbons. 


I.  INTRODUCTION 

The  rare-earth-iron  intermetallic  compounds  based  on 
the  2:17  structure  have  been  attracting  much  attention  as 
potential  candidates  for  permanent  magnet  materials.  It  has 
been  shown  that  Sm2Fei7N;t  and  Sm2Fej7Cf  prepared  by 
solid-gas  reaction  have  excellent  intrinsic  magnetic 
properties.'’^  Unfortunately  these  nitrides  and  carbides  have 
a  poor  thermal  stability  and  degrade  when  heating  to  tem¬ 
peratures  above  about  600  "C,  which  may  limit  their  wide¬ 
spread  applications.  Our  early  work  showed  that  the  heavy 
rare-earth  compounds  R2Fei7C;(  with  high  C  content  (x  close 
to  3.0)  could  be  obtained  by  melt  spinning,  and  that  they  are 
stable  at  high  temperatures  (above  1000  *C),  while  the  light 
rare-earth  compounds  R2Fei7C;t  (x>1.5)  are  still  hard  to 
stabilize.^"^  The  magnetic  hardening  of  Sm2Fei7Q  was  stud¬ 
ied  by  melt-spinning  techniques  a  few  years  ago,  and  the 
coercivity  of  4.6  kOe  for  Sm2Fei7Ci  5  alloys  was  reported.® 

Recently  we  have  found  that  the  Th2Zni7  phase  of  Sm- 
Fe-C  alloys  with  high  C  contents  can  be  formed  by  addition 
of  Ga.^’*  In  this  paper  we  report  the  magnetic  hardening  of 
Sm-Fe-Ga-C  alloys  by  melt  spinning.  A  high  coercivity  of 
up  to  15  kOe  was  achieved  by  direct  quenching  at  the  opti¬ 
mum  substrate  velocity. 


II.  EXPERIMENT 

Fe  and  C  were  first  melted  together  in  an  induction  fur¬ 
nace  to  form  Fe-C  alloys  which  have  a  lower  melting  tem¬ 
perature.  Then  Fe,  Sm,  Ga,  and  Fe-C  alloys  were  melted  by 
arc  melting  in  an  argon  atmosphere  of  high  purity.  An  excess 
of  4%-10%  Sm  was  added  to  compensate  for  the  vaporiza¬ 
tion  of  Sm  during  the  melting  and  melt-spinning  steps.  For 
homogeneity  the  samples  were  remelted  for  at  least  four 
times.  The  ingots  were  melt  spun  in  a  high-purify  argon  at¬ 
mosphere  using  a  copper  quench  wheel  rotating  at  a  surface 
velocity  v,  between  0  and  47  m/s.  The  ribbons  were  about  1 
mm  wide  and  20-30  /xm  thick.  The  phase  composition  and 
structure  were  investigated  with  a  Q)  x-ray  diffracto¬ 
meter.  The  demagnetization  curves  were  measured  by  an  ex¬ 
tracting  sample  magnetometer  with  fields  up  to  70  kOe. 


III.  RESULTS  AND  DISCUSSION 

X-ray  diffraction  experiments  indicate  that 
Sm2Fei4Ga3Cj.  (x=1.0,  1.5,  2.0,  and  2.5)  alloys  are  single 
phase  with  rhombohedral  Th2Znj7-type  structure.  As  an  ex¬ 
ample,  the  powder  x-ray  diffraction  pattern  of 
Sm2Fej4Ga3Ci  5  ingot  is  shown  in  Fig.  1(a).  In  order  to  ob¬ 
tain  a  high  coercivity,  we  prepared  ribbons  at  various  quench 
rates.  Figure  2  shows  the  demagnetization  curves  for  as- 
quenched  Sm2Fei4Ga3Ci  5  samples  by  direct  melt  spinning  at 
i»j=18  and  30  m/s,  respectively.  The  ribbons  have  an  intrin¬ 
sic  coercivity  //c<=13.1  kOe  and  remanence  R,=4.64  kG  for 
0^=18  m/s,  and  He, =15.0  kOe  and  i?,=4.57  kG  for  y,=30 
m/s.  The  coercivities  of  Sm2Fei4Ga3C,  5  ribbons  as  a  func¬ 
tion  of  quench  rates  are  plotted  in  Fig.  3.  It  can  be  seen  that 


FIG.  1.  X-ray  diffraction  patterns  for  Sm2Fei4Ga3Ci  5  mgot  (a),  ribbons  for 
o,=30  m/s  (b),  and  i;,=40  m/s  (c). 
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FIG.  2.  Demagnetization  curves  for  SmjFeiaGajCi  5  ribbons. 


coercivities  exceed  13  kOe  within  a  large  range  of  quench 
rates  between  18  and  30  m/s  and  are  reduced  when  the 
quench  rate  is  either  slower  or  faster  than  optimum,  falling  to 
less  than  100  Oe  at  40  m/s.  The  optimum  quench  rate  in 
Sm2Fe,4Ga3C,  5  is  higher  than  that  of  Nd2Fei4B  (near  19 
m/s).’ 

The  x-ray  powder  diffraction  patterns  of  the  as-quenched 
Sm2Fei4Ga3C  ribbons  are  also  included  in  Fig.  1.  All  diffrac¬ 
tion  peaks  in  the  pattern  for  Vj=30  m/s  can  be  indexed  to  the 
Th2Zni7-type  structure,  indicating  that  the  ribbons  are  almost 
entirely  comprised  of  hard  magnetic  phase. 
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FIG.  3.  Intrinsic  coercivities  as  a  function  of  quench  rates  y,  for 
Sn>2Fei4Ga3C,,5.  The  data  for  u,=40  m/s  were  measured  in  a  field  of  up  to 
8kOe. 


FIG.  4.  Intrinsic  coercivities  //(, ,  remanences  B, ,  and  saturation  magneti¬ 
zations  4irM,  as  a  function  of  carbon  content  x  for  SmjFenGajC, . 


Early  studies  of  the  Sm2Fei7Q  alloys  showed  the  rea¬ 
sonable  strength  of  magnetic  hardening  could  be  attained 
only  for  high-carbon  compounds.^  However,  the  relatively 
high  carbon  concentration  results  in  the  formation  of  a-Fe 
and  other  soft  magnetic  phases,  which  prevent  obtaining  a 
higher  coercivity.  Because  the  magnetizations  in  the  grains 
comprised  of  these  soft  phases  are  easily  reversed  under  an 
external  small  opposite  magnetic  field,  they  induce  then  a 
cascade  of  demagnetization  processes  within  adjacent  grains. 

The  situation  changes  in  Sm2Fei4Ga3Ci  5.  Tlie  addition 
of  Ga  helps  stabilize  the  Th2Znj7  structure  and  reduces  the 
soft  magnetic  impurity  phases  such  as  a-Fe.  Thus  optimum 
coercivities  above  13  kOe,  which  are  substantially  higher 
than  the  corresponding  values  of  Ga-free  compounds 
Sm2Fei7C;4 ,  are  easily  obtained  in  Sm2Fei4Ga3Ci  5. 

As  seen  in  Fig.  1,  the  Sm2Fei4Ga3C,  5  ribbons  for  Uj=30 
m/s  are  still  crystalline  while  an  amorphous  phase  starts  to 
form  and  only  a  small  amount  of  the  Th2Zni7  phase  remains 
in  the  ribbons  for  i;j=40  m/s.  The  line  broadening  of  the 
diffraction  peaks  corresponding  to  the  Th2Zhi7  phase  is  ob¬ 
served  in  Fig.  1(c),  revealing  a  fine-grained  microstructure. 
The  formation  of  the  amorphous  phase  and  the  very  fine 
grains  is  consistent  with  the  substantially  low  coercivity  (Fig. 
3). 

Figure  4  shows  the  dependences  of  the  intrinsic  coerciv¬ 
ity  He, ,  saturation  magnetization  47rA/j,  and  remanence 
on  the  carbon  content  x  for  Sm2Fei4Ga3Cj .  The  remanences 
decrease  slightly  with  increasing  carbon  content  x.  As  ex¬ 
pected  in  the  isotropic  uniaxial  materials,  is  near  half  of 
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the  saturation  magnetization  47rM^ .  The  coercivity  does  not 
change  much  with  the  carbon  content  x.  This  is  not  surpris¬ 
ing.  It  has  been  shown  that  the  substitution  of  Ga  for  Fe  in 
Sm2Fei4Ga3C^  with  lower  carbon  contents  results  in  a  larger 
increase  of  uniaxial  anisotropy  than  for  higher-carbon 
compounds.’  Sm2Fei4Ga3Ci  o  exhibits  an  anisotropy  field  of 
85  kOe  close  to  that  of  Sm2Fei4Ga3C25  (90  kOe),  which  is 
responsible  for  the  high  coercivity. 

The  maximum  coercivity  of  15  kOe  in  Sm2Fei4Ga3Ct  is 
comparable  to  that  of  W2Fei4B  (also  about  15  kOe)  initially 
reported  by  Croat  et  al?  and  higher  than  that  of  Sm(FeTiV)i2 
(about  9  kOe).*°  The  remanence  of  Sm2Fei4Ga3C;t  is  some¬ 
what  low.  The  reason  for  this  is  that  the  replacement  of  Fe  by 
Ga,  which  is  nonmagnetic,  leads  to  a  considerable  reduction 
of  saturation  magnetization. 

In  summary,  it  has  been  found  that  the  Sm2Fei4Ga3C^ 
compounds  can  be  magnetically  hardened  by  direct  quench¬ 
ing.  Coercivities  in  excess  of  13  kOe  for  Sm2Fej4Ga3Ci  5  are 
achieved  within  a  wide  range  of  quenching  rate  between  18 
and  30  m/s.  Sm2Fei4Ga3C;t  with  the  C  content  x  from  1.0 
to  2.5  has  a  similar  hard  magnetic  property.  Further  effects  to 
improve  the  remanence  are  in  progress  by  two  ways:  one  is 
the  minimization  of  the  Ga  content,  and  the  other  is  the  sta¬ 
bilization  of  the  2:17  phase  by  other  elemental  substitution, 
such  as  Si  and  Al. 
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A  novel  hard  magnetic  material  for  sintering  permanent  magnets 
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Beijing  100080,  China 

We  have  discovered  that  the  substitution  of  Ga  or  Si  for  Fe  in  Sm2Fei7C^  helps  the  formation  of 
high-carbon  rare-earth  iron  compounds  with  2:17-type  structure.  We  have  succeeded  in  preparing 
Sm2Fei5M2C^  (M=Ga,  j:=0,  1.0,  2.0,  and  3.0;  M=Si,  x=0,  0.5,  1.0,  and  1.5)  compounds  with 
Th2Zni7-type  structure  by  arc  melting.  The  carbides  are  single  phase  except  for  Sro2Fei5Ga2C3  o, 
which  contains  a  few  percent  of  a-Fe.  The  Curie  temperature  of  Sm2Fei5Si2C^  compounds  is 
found  to  increase  from  550  to  590  K,  as  x  increases  from  0  to  1.5.  For  Sm2Fei5Ga2C^ ,  Tc  increases 
with  X  from  565  K  for  jk=0  to  635  K  for  jc=2.0,  and  then  decreases  with  x.  Room-temperature 
saturation  magnetization  of  these  carbides  is  in  excess  of  100  emu/g  and  has  a  small  dependence  on 
carbon  content.  All  compounds  of  Sm2Fei5M2C^  studied  in  this  work  except  for  Sm2FejsSi2  exhibit 
an  easy  c-axis  anisotropy  at  room  temperature  and  show  an  anisotropy  field  of  higher  than  90  kOe 
for  x^l.O.  The  present  work  suggests  the  possibility  of  producing  high-performance  2:17-type 
sintering  permanent  magnets. 


INTRODUCTION 

The  intermetallic  compounds  Sm2Fei7N;t  and  Sm2Fei7C;, 
with  higher  nitrogen  or  carbon  concentration  were  found  to 
have  the  excellent  intrinsic  magnetic  properties.'  They  are 
promising  candidate  for  permanent  magnets.  However,  the 
major  drawback  of  the  nitrides  or  carbides  prepared  by  the 
gas-solid  reaction  is  their  high  temperature  instability.  The 
aim  of  our  work  is  to  search  for  highly  stable  hard  magnetic 
materials  based  on  these  nitrides  or  carbides.  Recently,  we 
have  discovered  that  the  carbides  R2FenC;(  with  carbon  con¬ 
centration  up  to  a: =3.0  can  be  formed  by  melt  spinning.^"^ 
The  melt-spun  R2Fei7Q  compounds  were  found  to  have  a 
good  high-temperature  stability  and  retain  Th2Znj7-type  or 
Th2Nii7-type  structures  up  to  at  least  1273  K.  However,  the 
carbides  prepared  by  melt  spinning  are  isotropic,  while  the 
high  remanence  and  energy  product  can  only  be  achieved  in 
anisotropic  materials.  In  order  to  obtain  new  anisotropic  ma¬ 
terials  for  sintering  permanent  magnets,  we  have  studied  the 
effect  of  the  various  elemental  substitutions  for  Fe  in  the 
R2Fei7Q  alloys  on  their  formation,  structure,  and  magnetic 
properties.  It  is  found  that  the  high-carbon  R2Fei7Cj  com¬ 
pounds  by  the  substitution  of  Ga,  Si,  Al,  etc.,  for  Fe  exhibit  a 
high  thermal  stability,  in  contrast  with  the  carbides  produced 
by  the  gas-solid  reaction.  We  have  succeeded  in  preparing 
single-phase  compounds  of  high-carbon  R2Fe,M,7Q  (R=Y, 
Nd,  Sm,  Gd,  Tb,  Dy,  Ho,  Er,  and  Tm;  M=Ga,  Si,  and  Al) 
with  Th2Zni7-type  or  Th2Nii7-type  structures  by  arc 
melting.*"’  It  was  found  that  the  arc-melted  Sm2Fej4Ga3C^ 
compounds  with  x^l.5  have  a  Curie  temperature  of  higher 
than  600  K,  and  exhibit  an  easy  c-axis  anisotropy  at  room 
temperature  and  have  an  anisotropy  field  of  higher  than  90 
kOe.'  In  this  paper,  the  formation,  structure,  and  magnetic 
properties  of  Sm2Fei5M2C^  (M=Ga,  x=0-3.0;  M=Si, 
x=0-1.5)  compounds  prepared  by  arc  melting  are  reported. 

EXPERIMENT 

Iron  and  carbon  were  first  arc  melted  into  Fe-C  alloys, 
and  then  Fe,  Ga,  Si,  Sm,  and  Fe-C  were  melted  by  arc 
melting  under  high  purified  argon  atmosphere  into  homoge¬ 


neous  buttons  with  the  compositions  Sm2Fei5Ga2Cj.  (x=0, 
1.0, 2.0,  and  3.0)  and  Sm2Fe]5Si2C^  (a:=0,  0.5, 1.0,  and  1.5). 
Elements  used  were  at  least  99.9%  pure.  An  excess  of  4.5% 
Sm  was  added  to  compensate  the  mass  loss  due  to  the  evapo¬ 
ration  of  Sm  during  melting.  The  arc-melted  ingots  of 
Sm2Fei5Ga2C^  were  annealed  in  argon  atmosphere  at  1450  K 
for  24-66  h.  X-ray  diffraction  measurements  on  powder 
samples  were  performed  using  Co  Xa  radiation  to  determine 
the  crystallographic  structure.  The  Curie  temperatures  were 
determined  from  the  temperature  dependence  of  the  magne¬ 
tization  meafured  by  a  vibrating  sample  magnetometer  or  a 
magnetic  balance  in  a  magnetic  field  of  1  kOe.  The  satura¬ 
tion  magnetizations  were  measured  by  an  extracting  sample 
magnetometer  in  a  field  of  70  kOe.  The  aligned  samples  for 
anisotropy  field  measurements  were  prepared  by  mixing  the 
powder  with  epoxy  resin  and  then  aligning  in  a  magnetic 
field  of  20  kOe.  The  room-temperature  anisotropy  field  was 
determined  from  magnetization  curves  measured  along  and 
perpendicular  to  the  orientation  direction  by  using  the  ex¬ 
tracting  sample  magnetometer  with  a  magnetic  field  of  up  to 
70  kOe. 

RESULTS  AND  DISCUSSION 

X-ray  diffraction  measurements  indicate  that  the 
Sm2Fei7C^  alloys  with  higher  carbon  concentration  of 
x>1.0  have  a  multiphase  structure  with  a  predominant  a-Fe 
phase.  The  arc-melted  Sm2Fei5Ga2C^  (0'^x^3.0)  ingots 
exhibit  a  two-phase  structure  with  the  2:17  type  as  the  major 
phase  coexisting  with  a-Fe.  When  these  carbides  were  an¬ 
nealed  at  1450  K  for  24-66  h,  they  formed  single-phase 
compounds  of  2:17-type  structure  except  for 
Sm2Fei5Ga2C3  q,  which  contains  a  few  percent  of  a-Fe  as  a 
second  phase.  Figure  1  shows  the  x-ray  diffraction  patterns 
of  the  annealed  Sm2FeisGa2Q  compounds.  For 
Sm2Fei5Si2C;( ,  when  the  carbon  concentration  x  is  lower 
than  1.5,  the  arc-melted  samples  are  single  phase  with  2:17- 
type  structure.  When  a:>1.5,  a  multiphase  structure  of  the 
samples  are  shown.  In  previous  study  it  has  been  shown  that 
the  Sm2Fei7C;t  compounds  with  high  carbon  concentration 
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FIG.  1.  X-ray  diffraction  patterns  of  Sm2FeijGa2C,  compounds  with  jc=0, 
1.0,  2.0.  and  3.0. 


can  be  prepared  by  the  gas-solid  reaction*  and  rapid 
quenching^'**  and  cannot  be  formed  by  arc  melting.  The 
present  studies  have  found  that  the  substitution  of  Ga  or  Si 
for  Fe  has  a  significant  effect  on  the  stability  of  the  crystal 
structure  of  high-carbon  Sm2Fei7Q  with  2: 17-type  structure. 
It  is  obvious  that  the  substitution  of  Ga,  Si,  etc.  for  Fe  in 
R2Fei7Q  with  high  carbon  concentration,  like  the  substitu¬ 
tion  of  Ti,  V,  Mo,  etc.,  for  Fe  in  RFei2,  plays  an  important 
role  in  the  structural  stability  of  rare-earth  iron  intermetallic 
compounds. 


TABLE  I.  Structure  and  magnetic  data  for  Sm2Fei5M2C,  (M=Ga  and  Si). 


Compound 

a 

(A) 

c 

(A) 

(A’) 

Tc 

(K) 

K 

(emu/g) 

Ha 

(kOe) 

Anisotropy 

Sm?FenGa, 

8.648 

12.515 

810.6 

565 

c  axis 
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12.565 

822.7 

619 

106.0 

>90 

c  axis 
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829.4 
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>90 

c  axis 
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FIG.  2.  X-ray  diffraction  patterns  of  magnetically  aligned  Sm2FeisSi2, 
Sm2Fei5Si2Co.5,  and  Sm2Fe,5Ga2  powder  samples. 

X-ray  diffraction  shows  that  all  compounds  of 
Sm2Fei5M2C;(  have  rhombohedral  Th2Zni7-type  structure. 
The  lattice  constants  a  and  c  and  unit-cell  volumes  v  of 
Sm2Fei5M2C^  compounds  are  listed  in  Table  I,  also  including 
the  values  for  Sm2Fei7  for  comparison.  It  can  be  seen  from 
Table  1  that  both  the  lattice  constants  and  unit-cell  volumes 
increase  monotonically  with  increasing  carbon  concentra¬ 
tions.  For  Sm2Fei5Ga2C3  0  and  Sm2Fei5Si2Ci  5,  the  unit-cell 
volume  expansion  is  about  3.1%  and  2.2%  compared  with 
the  carbon-free  unit  cell,  respectively.  Forx=0,  the  substi¬ 
tution  of  Ga  for  Fe  leads  to  an  increase  of  the  unit-cell  vol¬ 
ume  by  3.1%,  in  contrast  with  the  Si-substituted  unit  cell, 
which  shows  a  negative  increase  of  the  unit-cell  volume  by 
0.6%.  A  similar  reduction  of  the  unit-cell  volume  was  also 
observed  in  other  R2(Fe,Si)i7  compounds.^ 

The  Curie  temperature  and  the  saturation  magnetiza¬ 
tion  of  Sm2Fei5M2C;t  compounds  are  also  listed  in  Table 
I.  The  room-temperature  A/j  of  these  carbides  is  found  to  be 
in  excess  of  100  emu/g  and  has  a  small  dependence  on  car¬ 
bon  content.  Tc  of  Sm2Fei5Si2C;t  is  found  to  increase  from 
5.50  to  590  K,  as  x  increases  from  0  to  1.5.  For 
Sm2Fei5Ga2C;f ,  Tq  increases  from  565  K  for  x= 0  to  635  K 
for  x:=2.0,  then  decreases  with  x.  It  is  commonly  assumed 
that  the  Fe-Fe  interaction  is  dominant  in  the  Fe-rich  rare- 
earth  iron  intermetallic  compounds.  The  Curie  temperature 
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FIG.  3.  The  magnetization  curves  of  the  orientated  SmjFeisGajCjo  and 
SmjFe^SijCi.s  samples  measured  along  and  perpendicular  to  the  aligned 
directions. 


depends  strongly  on  the  exchange  interactions  between 
Fe-Fe  atoms,  which  is  sensitive  to  the  distance  of  Fe-Fe 
atoms.  The  enhancement  of  Tc  with  x  in  Sm2Fei5M2Q  com¬ 
pounds  can  be  suggested  to  be  mainly  due  to  the  lattice  ex¬ 
pansion  induced  by  the  introduction  of  carbon  atoms,  as  with 
Ga-  or  Si-free  compounds.^-*’® 

All  compounds  investigated  in  this  work  exhibit  an  easy 
c-axis  anisotropy  at  room  temperature  except  for 
Sm2Fei5Si2,  which  shows  an  easy  plane  anisotropy.  This  can 


be  seen  clearly  from  the  x-ray  di&action  patterns,  shown  in 
Fig.  2  as  an  example  of  magnetically  aligned  powder 
samples  of  Sm2Fej5M2C^ .  An  important  effect  of  the  substi¬ 
tution  Ga  for  Fe  in  the  carbon-free  compound  on  the  magne¬ 
tocrystalline  anisotropy  of  Sm2Fei7  is  found.  Although  the 
Sm  sublattice  in  the  Sm2Fei7  compound  has  an  easy  c-axis 
anisotropy,  the  planar  anisotropy  of  the  Fe  sublattice  over¬ 
comes  the  axial  anisotropy.  The  role  of  Ga  is  to  reduce  the 
planar  anisotropy  of  the  Fe  sublattice,  resulting  in  a  uniaxial 
anisotropy  of  the  Sm2Fej5Ga2  compound  at  room  tempera¬ 
ture.  Figure  3  shows  the  magnetization  curves  of  the 
Sm2Fei5Ga2C2o  Sm2Fei5Si2Cj^  samples  measured  along 
and  perpendicular  to  the  aligned  directions.  The  room- 
temperature  anisotropy  field  estimated  from  Fig.  4  is 
found  to  be  higher  than  90  kOe  for  1.0,  which  is  about 
40  kOe  higher  than  that  of  Sm2Fei7C  (Ref.  10)  and  is  com¬ 
parable  with  that  of  Nd2Fei4B.  Accordingly,  a  high- 
performance  permanent  magnet  could  be  expected  for 
Sm2(Fe,M),7C^ . 
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The  carbides  (Eri_;jSm;f)2Fei7Cy  (O^x^O.8)  with  a  carbon  concentration  up  to  }'=3.0  for  the 
Er-rich  region  and  up  to  y= 1.5  for  the  Sm-rich  region  have  been  successfully  prepared  by  melt 
spinning.  They  are  found  to  crystallize  in  the  hexagonal  Th2Nij7-type  or  the  rhombohedral 
Th2Zni7-type  structure  and  to  be  stable  at  high  temperature.  The  introduction  of  the  interstitial 
carbon  results  in  a  large  increase  in  the  unit-cell  volumes  and  Curie  temperatures.  The 
room-temperature  saturation  magnetization  is  found  to  increase  with  increasing  carbon  or  samarium 
concentrations.  X-ray  diffraction  studies  of  magnetically  aligned  powder  show  that  the  samples  with 
•  x<0.2  or y ^0.5  exhibit  easy  plane  anisotropy  while  the  samples  with  x^O.2  and  1 .0  exhibit 
easy  c-axis  anisotropy  at  room  temperature.  For  (Ero2Smog)2Fei7Ci.5,  the  room-temperature 
anisotropy  field  is  found  to  be  8  T,  which  is  comparable  to  that  of  Nd2Fei4B. 


INTRODUCTION 

Introducing  interstitial  nitrogen  or  carbon  atoms  into 
R2Fei7  intermetallic  compounds  results  in  a  significant  im¬ 
provement  of  the  magnetic  properties  of  these  compounds. 
The  carbides  R2Fei7Cj,  (y«2.5)  prepared  by  the  gas-solid 
reaction  have  unit-cell  volumes  about  6.5%  larger  and  Curie 
temperatures  288-478  K  higher  than  those  of  the  R2Fei7 
compounds.*  For  Sm2Fei7C2  5,  the  Curie  temperature  is  760 
K  and  the  room-temperature  anisotropy  field  is  15±0.5  T.* 
These  carbides  are  promising  new  materials  for  applications 
in  permanent  magnets.  However,  their  drawback  is  high- 
temperature  unstability.  In  our  previous  work,  we  have  dis¬ 
covered  that  the  carbides  R2Fe]7C,  with  high  carbon  concen¬ 
tration  can  be  prepared  by  melt  spinning.^"'*  The  melt-spun 
R2Fei7C^  compounds  were  found  to  be  stable  at  high  tem¬ 
perature  and  retain  still  Th2Zn,7-type  or  Th2Nii7-type  struc¬ 
ture  up  to  at  least  1273  K.  We  have  successfully  obtained 
melt-spun  R2Fei7Cj,  (R=Y,  Gd,  Tb,  Dy,  Ho,  Er,  and  Tm; 
x= 0-3.0)  compounds  and  systematically  studied  their 
structure  and  magnetic  properties.^"*  In  this  article,  we  re¬ 
port  the  formation,  structure,  and  magnetic  properties  of 
(Erj_^Sm^)2Fei7Cj,  compounds  prepared  by  melt  spinning. 


EXPERIMENT 

Iron  and  carbon  were  first  arc  melted  into  Fe-C  alloys, 
and  then  Er,  Sm,  Fe,  and  Fe-C  alloy  were  melted  by  arc 
melting  in  an  argon  atmosphere  of  high  purity  into  homoge¬ 
neous  buttons  with  the  compositions  (Er,  _;,Sm;f)2Fe,7Cy 
(0^x=s0.8,  y^3.0).  For  homogeneity  the  ingots  were 
melted  several  times.  The  purities  of  the  elements  used  were 
at  least  99.9%.  An  excess  of  4.5%  Sm  was  added  to  compen¬ 
sate  the  mass  loss  due  to  the  evaporation  of  Sm  during  melt¬ 
ing.  After  arc  melting,  the  ingots  were  melt  spun  under  'ligh- 
purity  argon  atmosphere  on  the  surface  of  a  rotating  copper 
wheel.  The  quenching  rate  was  varied  by  changing  the  sur¬ 
face  velocity  of  the  copper  wheel  between  0  and  47  m/s. 
The  ribbons  obtained  are  about  1  mm  wide  and  20-30  /rm 
thick. 


X-ray  diffraction  measurements  were  performed  on  the 
melt-spun  ribbons  using  Co  Xa  radiation  to  identify  the 
phase  components  and  determine  the  crystallographic  struc¬ 
ture.  The  Curie  temperatures  were  determined  from  the  tem¬ 
perature  dependence  of  the  magnetization  measured  by  a  vi¬ 
brating  sample  magnetometer  in  a  magnetic  field  of  1  kOe. 
The  room-temperature  saturation  magnetization  was  mea¬ 
sured  by  an  extracting  sample  magnetometer  in  a  field  of  70 
kOe.  The  powder  samples  were  oriented  in  an  applied  field 
of  10  kOe  in  an  epoxy  resin,  in  order  to  determine  the  mag¬ 
netocrystalline  anisotropy  of  the  (Er,  _^Sm^)2Fei7Cj, 
samples.  The  anisotropy  field  was  determined  from  magne¬ 
tization  curves  along  and  perpendicular  to  the  orientation 
direction  by  using  the  extracting  sample  magnetometer  with 
a  magnetic  field  of  up  to  70  kOe  at  room  temperature. 


RESULTS  AND  DISCUSSION 

X-ray  diffraction  indicates  that  arc-melted 
(Er, _;tSm_,)2Fe,7Cj,  alloys  with  y=si.O  are  almost  single 
phase  with  hexagonal  Th2Ni,7-type  structure  forx^O.3  and 
rhombohedral  Th2Zn,7-type  structure  for  x^O.5.  For 
y>1.0,  the  a-Fe  phase  appears  coexisting  with  rare-earth 
carbides  (RC)  and  the  2:17  phases.  The  amount  of  a-Fe  in¬ 
creases  rapidly  with  increasing  carbon  concentration  y.  How¬ 
ever,  we  have  found  that  by  melt  spinning,  at  an  appropriate 
quenching  rate,  the  (Er,  _;,Sm;t)2Fe,7Cj,  samples  with  high 
carbon  concentration  crystallize  in  the  2: 17-type  structure. 
The  formation  of  the  2:17  phase  is  found  to  depend  strongly 
on  the  composition.  The  (Er, _;^Sm;t)2Fe,7Cj,  (O^x^O.8) 
compounds  with  carbon  concentration  up  to  >>  =  3.0  for  the 
Er-rich  region  and  up  to  y  =  1.5  for  the  Sm-rich  region  can 
be  obtained  by  melt  spinning.  For  the  Sm-rich  end,  a  synthe¬ 
sis  of  high-carbon  2:17  compounds  is  difficult.  The  forma¬ 
tion  of  the  2:17  phase  is  also  sensitive  to  the  quenching  rate 
V, .  A  low  quenching  rate  cannot  overcome  the  large  amounts 
of  a-Fe,  whereas  a  high  quenching  rate  leads  to  the  forma¬ 
tion  of  amorphous  phase.  For  (Er,  _^Sm^)2Fe,7Cj,  with 
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FIG.  1.  The  lattice  parameters  a  and  c,  and  the  unit-cell  volume  v  of 
(Eri.^Sm^IjFei^C,.  with;r=0  and  0.2  as  a  function  of  carbon  concentration. 


1.5=s>’«2.8,  the  optimal  quenching  rates  to  obtain  the  2:17 
phase  arc  10-20  m/s.  It  is  interesting  to  note  that  the  sample 
annealed  at  high  temperature  still  maintains  the  Th2Zn|7-type 
structure.  This  demonstrates  the  high  stability  of  the  carbides 


(Erj  _;jSm;c)2Fei7Cj,  with  high  carbon  concentration  prepared 
by  melt  spinning,  unlike  the  metastability  of  the  carbides 
prepared  by  the  gas-solid  reaction. 

It  has  been  shown  previously  that  the  Er2Fej7  compound 
has  a  hexagonal  Th2Nii7-type  structure,  while  the  Sm2Fei7 
compound  has  a  rhombohedral  Th2Zni7-type  structure.  The 
substitution  of  Sm  for  Er  leads  to  the  structure  change  from 
Th2Nij7  type  to  Th2Znj7  type.  At  lower  Sm  concentration  of 
ji:«0.2,  the  siructure  change  from  hexagonal  to  rhombohe¬ 
dral  with  increasing  carbon  concentration  x  is  also  observed. 
The  carbon  concentration  dependence  of  the  lattice  param¬ 
eters  and  the  unit-cell  volumes  for  (Erj  _;tSmj.)2Fe,7C^  with 
jc=0  and  0.2,  shown  in  Fig.  1,  shows  a  drastic  change  be¬ 
tween  1.0  and  1.5,  which  results  from  the  structure  change 
from  Th2Nii7  type  to  Th2Zn,7  type. 

The  lattice  parameters  a  and  c,  and  the  unit-cell  volume 
V  for  (Erj  _;,Sm^)2Fe,7Cj,  are  listed  in  Table  I.  It  is  found  that 
the  substitution  of  Sm  for  Er  in  the  Er2Fej7Cy  gives  rise  to  a 
small  change  of  the  unit-cell  volumes,  while  the  addition  of 
the  interstitial  carbon  results  in  a  large  increase  of  the  unit- 
celi  volume.  It  is  apparent  in  Table  I  that  the  Er2Fei7C3  o 
compound  has  a  unit-cell  volume  about  6.6%  larger  than  that 
of  Er2Fej7.  For  (Ero,gSmo2)2Fei7C3o,  the  unit-cell  volume 
expansion  is  about  6.5%  compared  with  the  carbon-free 
compound  of  (Ero.8Smo2)2Fei7. 

The  room-temperature  saturation  magnetization  M,  and 
the  Curie  temperature  7^  for  (Er]_^Sm^)2Fei7Cy  compounds 
are  also  summarized  in  Table  I.  The  substitution  of  Sm  for  Er 
is  found  to  has  a  relatively  small  effect  on  both  A/,  and  7,. . 


TABLE  I.  Structure  and  magnetic  data  for  (Eri.,Sm,)2FC|7C,, . 


Compound 

Structure 

type 

a 

(A) 

c 

(A) 

(A’) 

(K) 

Af, 

(emu/g) 

Anisotropy 

ErjFep 

Th2Ni|7 

8.453 

8.300 

513.6 

320 

plane 

ErjFepCoj 

Th2Ni,7 

8.480 

8.320 

518.1 

402 

85.8 

plane 

Er2Fei7Cio' 

Th2Ni,7 

8.517 

8.346 

524.3 

517 

plane 

ErjFe^Cij* 

Th2Zni7 

8.581 

12.496 

795.8 

560 

107  5 

plane 

Er2Fe,7C2o* 

Th2Zni7 

8.619 

12.519 

805.4 

blO 

109.8 

plane 

Er2Fei7C23 

Th2Zn|7 

8.644 

12.605 

815.6 

648 

113.1 

plane 

Er2Fe,7C28 

ThiZrip 

8.646 

12.630 

817.6 

680 

111.9 

plane 

ErzFe^Cjo 

Th2Zni7 

8.662 

12.636 

821.1 

680 

plane 

(Ero8Sm(,2)2Fei7 

Th2Ni|7 

8.460 

8.304 

514.7 

337 

84.7 

plane 

(ErogSm^  2)2^^170)5 

rh2Ni|7 

8.498 

8.332 

521.0 

404 

104.8 

plane 

(Erp  sSnifl  2)2F®i7Ci  o 

Th2Ni,7 

8.534 

8.346 

526.4 

512 

110.6 

2)2^^170  5 

Th2Zii|7 

8.625 

12.485 

804.3 

583 

114.5 

c  axis 

(Ero  2)2^®  *  0 

Th2Zni7 

8.658 

12.526 

813.1 

630 

117.4 

c  axis 

(Efo  gSniQ  2)2^^®!?^^ 

Th2Zni7 

8.667 

12.574 

818.0 

668 

119.4 

c  axis 

(Efo  gSnio  2)2^^®  17O  8 

Th2Zni7 

8.677 

12  580 

820.2 

680 

121.3 

c  axis 

(Erp  gSnio  2)2^^170  0 

Th2Zni7 

8.677 

12.618 

822.7 

681 

c  axis 

(Ero  rSnio  3)2Fei7C|  5 

Th2Zni7 

8.625 

12.504 

805.5 

595 

118.0 

c  axis 

(Ero  7Smo  3)2Fe  1 7C2  0 

TtiiZnp 

8.653 

12.567 

814.9 

640 

120.6 

c  axis 

(ETo  78010  3)2Fe|7C2  5 

Th2Zni7 

8.677 

12.580 

820.2 

672 

125.3 

c  axis 

(Ero6Sino4)2Fei7Ci  r 

Th2Zni7 

8  635 

12.510 

807.8 

605 

118.0 

c  axis 

(Efo  ^SniQ  0 

Th2Zni7 

8.663 

12.572 

817.1 

657 

122.7 

c  axis 

(ErojSmojIzFei, 

Th2Zni7 

8.525 

12.322 

775.5 

364 

96.9 

plane 

(EroiSmo  s)2Fci7Co  5 

ThjZnp 

8.543 

12.427 

785.4 

448 

plane 

(Ero5Smoi)2Fei7Ci  0 

Th2Znj7 

3.588 

12.443 

794.8 

560 

121.7 

c  axis 

rFrojSmo5)2Fe,7C,  5 

Th2Zni7 

8.648 

12.504 

809.9 

604 

126.0 

c  axis 

(EioiSnH,3)2Fei7C2o 

Th2Zn|7 

8.649 

12.546 

812.7 

610 

c  axis 

(Ero4Sm0 

Th2Zni7 

8644 

12.504 

809.1 

602 

121.1 

c  axis 

(Ero2Sm„8)2Fei7Ci5 

Th2Zni7 

8  650 

12.506 

810.3 

605 

123.2 

c  axis 

•Taken  from  Ref.  3. 
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V  (A^) 

FIG.  2.  The  Curie  temperature  of  (Eri.^jSm^jjjFcpCy  compounds  as  a 
function  of  unit-cell  volume. 


Af  j  and  increase  monotonously  with  increasing  carbon 
concentration  y.  For  jf= 0.2,  the  saturation  magnetization  of 
the  compound  with  >>  =  2. 8  has  a  43%  enhancement  over  the 
carbon-free  compound  with  y  =  0.  The  increase  of  the  room- 
temperature  A/,  is  due  to  the  enhancement  of  the  Curie  tem¬ 
perature  which  shifts  the  thermomagnetization  curve  to 
higher  temperature.  The  strong  increase  of  the  Curie  tem¬ 
perature  with  the  carbon  concentration  y  demonstrates  the 
increase  of  the  Fe-Fe  interaction  in  (Eri  _^Sm^)2Fei7Cy  by 
the  interstitial  carbon  atoms.  Figure  2  shows  the  Curie  tem¬ 
perature  of  the  (Eri_;,Sm,)2Fei7C^  compounds  as  a  function 
of  the  unit-cell  volume.  An  approximately  linear  dependence 
of  Tc  on  the  unit-cell  volume  is  observed.  Previous  studies 
have  shown  that  the  relationship  between  Tc  and  volume  is 
almost  independent  of  the  rare-earth  and  the  interstitial 
atoms.^  From  the  fact  that  the  Curie  temperatures  are  not 
sensitive  to  the  chemical  composition,  it  seems  reasonable  to 
suggest  that  the  enhancement  of  Tc  in  (Er,_;fSm;,)2Fei7Cj, 
compounds  is  mainly  due  to  the  unit-cell  expansion  induced 
by  the  interstitial  carbon  atoms. 

X-ray  diffraction  measurements  on  the  magnetically 
aligned  powder  samples  show  that  the  Er2Fei7Cj,  and  the 
carbon-free  compounds  have  an  easy  plane  magnetocrystal¬ 
line  anisotropy  at  room  temperature.  An  important  effect  of 
the  interstitial  carbon  atoms  on  the  magnetocrystalline  an¬ 
isotropy  in  the  samples  containing  Sm  is  observed.  The  ad¬ 
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FIG.  3.  X-ray  diffraction  patterns  of  magnetically  aligned 
(ErojSniojIjFepCis  powder  samples. 

dition  of  the  carbon  content  increases  the  Sm  sublattice  an¬ 
isotropy,  resulting  in  the  uniaxial  anisotropy  of  the 
(Er, __,Sm^)2Fei7Cy .  It  is  found  that  the  samples  with  ;c< 0.2 
ory^O.5  exhibit  an  easy  plane  anisotropy,  and  the  samples 
withes' 0.2  and y>  1.0  exhibit  an  easy  c-axis  anisotropy  at 
room  temperature.  This  can  be  seen  clearly  from  the  x-ray 
diffraction  pattern  of  magnetically  aligned  powder  sample  of 
(Ero.2Smo.8)2Fei7Ci  5,  as  shown  in  Fig.  3  as  an  example.  The 
anisotropy  field  rises  as  x  or  y  increases.  For 
(Ero,2Smo8)2F®i7C],5>  the  room-temperature  anisotropy  field 
is  found  to  be  8  T,  which  is  comparable  with  that  of 
Nd2Fei4B. 
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structure  and  magnetic  properties  of  Gd2Fei7_xGaxC2  compounds 
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The  single-phase  compounds  of  (*=0.  2,  3,  4,  5,  and  6)  with  rhombohedral 

Th2Zni7-type  structure  were  prepared  by  melt  spinning  for  and  arc  melting  for  a:  ^2.  Their 
formation,  structure,  and  magnetic  properties  were  studied.  The  substitution  of  Ga  for  Fe  in 
Gd2Fei7C2  helps  the  formation  of  the  2:17-type  structure.  The  addition  of  Ga  results  in  the  increase 
of  the  lattice  constants  and  the  unit-cell  volumes.  The  Curie  temperature  has  a  small  change  when 
a:  ^2,  and  then  decreases  rapidly  with  increasing  Ga  concentration.  An  approximately  linear 
decrease  of  the  saturation  magnetization  with  x  is  observed  when  the  nonmagnetic  Ga  atom  is 
substituted  for  Fe. 


INTRODUCTION 

The  binary  rare-earth  (R)  iron  intermetallic  compounds 
with  Th2Zni7  or  Th2Nii7  structure  have  not  been  regarded  as 
potential  permanent  magnets  because  their  Curie  tempera¬ 
tures  are  very  low  and  none  of  these  compounds  show  a 
uniaxial  anisotropy  at  room  temperature.  A  large  improve¬ 
ment  of  intrinsic  magnetic  properties  has  been  achieved  by 
introducing  interstitial  nitrogen  or  carbon  atoms  into  R2Fei7 
compounds.’’^  The  Sm2FenN;,  and  Sm2Fei7C,j  compounds 
with  higher  nitrogen  or  carbon  concentration  are  promising 
candidates  for  permanent  magnets.  However,  a  serious  draw¬ 
back  of  the  nitrides  or  carbides  prepared  by  the  gas-solid 
reaction  is  their  poor  high-temperature  stability.  Recently,  we 
have  studied  the  effect  of  various  elemental  substitutions  for 
Fe  on  the  formation,  structure,  and  magnetic  properties  in  the 
R2Fei7Q  alloys.  We  have  found  that  the  high-carbon 
R2Fei7Cj  compounds  with  Ga,  Si,  or  Al,  etc.,  substituted  for 
Fe  exhibit  a  high  thermal  stability.^"^  This  is  in  contrast  with 
the  carbides  produced  by  the  gas-solid  reaction  which  de¬ 
compose  into  the  equilibrium  phases  rare-earth  carbides 
(RC)  and  a-Fe  upon  heating  to  600-700  The  carbides 
containing  Ga,  Si,  or  Al,  etc.  can  be  formed  by  arc  melting. 
We  have  reported  some  studied  results  of  high-carbon 
R2(Fe,M)i7Q  (R=Y,  Nd,  Sm,  Gd,  Tb,  Dy,  Ho,  Er,  and  Tm; 
M=Ga  and  Si;  a:^2.5)  compounds  with  Th2Zni7-type  or 
Th2Nii7-type  structures.^"^  In  this  article,  the  formation, 
structure,  and  magnetic  properties  of  Gd2Fei7_;,Ga^C2 
(0=£a:^6)  compounds  prepared  by  arc  melting  or  melt  spin¬ 
ning  are  reported. 

EXPERIMENT 

The  Gd2Fei7-.cGa;jC2  alloys  with  a: =0,  1,  2,  3, 4, 5,  and 
6  were  prepared  by  arc  melting  in  an  argon  atmosphere  of 
high  purity  using  raw  materials  of  Gd,  Fe,  Ga,  and  Fe-C 
alloy  of  99.9%  purity.  The  ingots  were  melted  several  times 
to  ensure  homogeneity.  The  ingots  with  x  =0  and  1  were  then 
melt  spun  in  argon  atmosphere  on  the  outside  of  a  single 
copper  wheel  rotating  with  a  surface  speed  of  about  15  m/s, 
resulting  in  the  formation  of  the  single-phase  compounds  of 
the  2:17-type  structure.  For  2^^6,  the  heat  treatment  of  the 
arc-melted  ingots  was  performed  in  a  steel  tube  in  a  highly 
purified  argon  atmosphere  at  1273  K  for  12  h.  X-ray  diffrac¬ 
tion  measurements  on  powder  samples  were  performed  using 


Co  Ka  radiation  to  identify  the  single  phase  and  determine 
the  crystallographic  structure.  The  Curie  temperature  was  de¬ 
termined  from  the  temperature  depen'^ence  of  ac  susceptibil¬ 
ity  in  a  field  of  less  than  1  Oe.  i  rturation  magnetization 
at  1.5  K  was  measured  by  an  e/viracting  sample  magnetome¬ 
ter  in  a  field  of  70  kOe. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  x-ray  diffraction  patterns  of  arc-melted 
and  heat-treated  Gd2Fei7_^Ga^C2  samples  with  It 

can  be  seen  clearly  from  Fig.  1  that  the  gallium-free  sample 
exhibits  a  multiphase  structure  with  RC,  the  2:17  phase,  and 
a  predominant  a-Fe  phase.  The  substitution  of  Ga  for  Fe  in 
these  materials  is  found  to  have  a  significant  effect  on  the 
crystal  structure.  The  addition  of  Ga  results  in  a  remarkable 
decrease  of  the  diffraction  peaks  of  a-Fe.  For  x=l,  the  arc- 
melted  sample  is  found  to  consist  only  of  the  rhombohedral 
Th2Zni7  and  a-Fe  phases.  When  the  Ga  concentration  x  is 
richer  than  1,  the  samples  prepared  by  arc  melting  are  almost 
single  phase  with  rhombohedral  Th2Zni7-type  structure.  No 
significant  diffraction  from  impurity  phases  is  observed.  The 
role  of  Ga  in  the  high-carbon  R2Fei7_^GajfC2  helps  the  for¬ 
mation  of  rare-earth  iron  compounds  of  the  2:17  type.  A 
similar  effect  has  been  observed  in  other  2: 17-type  rare-earth 
iron  compounds.^"* 

The  lattice  constants  a  and  c  and  the  unit-cell  volumes  v 
obtained  from  the  x-ray  diffraction  patterns  of  the  melt-spun 
samples  with  x=0  and  1  and  arc-melted  and  heat-treated 
samples  with  2^ac^6  are  shown  in  Fig.  2  as  a  function  of  Ga 
concentration.  The  substitution  of  larger  Ga  for  Fe  in  the 
Gd^Fe^Cz  Ic^ds  to  an  expansion  of  the  unit  cell.  An  approxi¬ 
mately  linear  increase  of  the  unit-cell  volume  with  x  is  ob¬ 
served.  The  expansion  of  the  unit-cell  results  from  the  effect 
of  both  Ga  and  C  additions.  The  Gd2Fei7C2  compound  has  a 
unit-cell  volume  about  4.9%  larger  than  that  of  Gd2Fei7.  For 
Gd2FenGa6C2>  l^e  unit-cell  volume  expansion  is  about  3.4% 
compared  with  the  gallium-free  compound. 

The  present  results  of  x-ray  diffraction  do  not  provide 
enough  evidence  to  determine  the  occupancy  site  of  the  Ga 
atoms.  However,  neutron  diffraction  studies  for 
Ho2Fei7_;jGa_^C2  compounds  have  demonstrated®  that  the  Ga 
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FIG.  1.  X-ray  diffraction  patterns  of  arc-melted  and  heat-treated 
Gd2Fe|7_jGa^C;  samples  with  (a)  a=0,  I,  and  2,  (b)  Ar=4,  5,  and  6. 

atoms  preferentially  occupy  18/i  sites,  when  j:<4.  For  j:>4, 
the  Ga  atoms  occupy  18h  and  6c  sites.  In  these  carbides 
containing  Ga  the  carbon  atoms  still  occupy  the  9e  intersti¬ 
tial  sites. 
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FIG.  2.  The  lattice  constants  a  and  c  and  the  unit-cell  volumes  v  of 
Gd2Fe|7_,GajC2  compounds  as  a  function  of  Ga  concentration. 


The  Ga-concentration  dependence  of  the  Curie  tempera-  • 

tures  Tq  of  Gd2Fe]7_;tGa^C2  compounds  is  shown  in  Fig.  3. 

The  Tq  is  found  to  decrease  slowly  until  about  x =2  and  then  ; 

drop  at  a  more  rapid  rate  with  increasing  Ga  concentration.  It 
is  commonly  assumed  that  the  Curie  temperature  of  rare-  1 

earth  iron  compounds  is  determined  by  the  Fe-Fe,  R-Fe, 
and  R-R  interactions.  In  general,  the  Fe-Fe  interaction  is  i 

dominant,  and  the  R-R  interaction  is  negligible.  The  differ-  [ 

ence  of  Tp  among  the  different  rare-earth  compounds  indi¬ 
cates  the  influence  of  R-Fe  interaction.  It  has  been  shown 


previously  that  the  low  values  of  the  Curie  temperatures  of 
the  R2Fei7  compounds  result  from  the  relatively  small  Fe-Fe 
distance.  The  increase  in  Curie  temperature  of  the  nitrides  or 
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FIG.  3.  The  Curie  temperature  of  Gd2Fe,7_,Ga^C2  compounds  as  a 
function  of  Ga  concentration. 
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The  saturation  magnetization  of  Gd2Fei7-j:Ga;fC2  i 
compounds  at  1.5  K  is  shown  in  Fig.  4(a)  as  a  function  of  Ga  I 
concentration  x..  The  M,  of  the  sampies  is  found  to  decrease  I 

linearly  with  increasing  x,  with  an  approximately  rate  of  ! 

— 12  (emo/g)/at.  %  Ga.  The  antiparallel  coupling  between  the 
rare-earth  spin  moment  and  the  Fe  moment  for  heavy  rare-  j 
earth  compounds  leads  to  ferrimapetism.  Accordingly,  the 
saturation  moment  /i^  of  Gd2Fe]7_;cGa,C2  compounds  can  ; 
be  expressed  by  the  equation 

lj,s= (17 -x)fif^- 2  naa,  (1) 

where  and  are  the  Fe  and  Gd  magnetic  moments, 
respectively.  The  can  be  assumed  to  be  .  Thus  the  Fe 
mapetic  moment  can  be  obtained  according  to  Eq.  (1), 
as  shown  in  Fig.  4(b).  It  can  be  seen  from  Fig.  4(b)  that 
of  Gd2Fej7-iGa^C2  compounds  decreases  linearly  from 
lAlfig  forx=0  to  1.67/LiB  forx=6  as  a  result  of  the  dilution 
of  Fe  by  nonmagnetic  Ga  atoms. 


FIG.  4.  (a)  The  saturation  magnetization  M,  at  1.5  K  and  (b)  the  Fe  mag¬ 
netic  moment  /ipj  of  Gd2Fei7.;,Ga^C2  compounds  as  a  function  of  Ga  con¬ 
centration. 


carbides  is  mainly  due  to  the  increase  of  the  Fe-Fe  interac¬ 
tion  which  results  from  the  increasing  interatomic  distance 
produced  by  the  interstitial  nitrogen  or  carbon.  For 
Gd2Fei7_^Ga_jC2  compounds  with  x=0,  Tq  is  2(X)  K  higher 
than  that  of  Gd2Fe,7.'  However,  the  decrease  of  Curie  tem¬ 
perature  with  increasing  x  in  Gd2Fei7_;(Ga;tC2  is  observed, 
although  the  substitution  of  Ga  for  Fe  results  in  a  monotonic 
increase  of  the  unit  cell.  This  indicates  that  the  substitution 
of  nonmagnetic  Ga  in  the  rare-earth  iron  carbides  with  higher 
carbon  concentration  would  decrease  the  Fe-Fe  interaction 
and  the  number  of  Fe-Fe  atom  pairs,  resulting  in  the  drop 
in  Tc- 
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Effect  of  cobalt  substitution  on  magnetic  properties  of  R2Fei7  siiicides 
(R=Y,  Gd,  Tb,  Er,  and  Tm) 

F.  Pourarian,  R.  T.  Obermyer  and  S.  G.  Sankar 

Carnegie  Mellon  Research  Institule,  Carnegie  Mellon  University,  Advanced  Material  Corporation, 

Pittsburgh,  Pennsylvania  15213 

Magnetic  characteristics  and  unit-cell  dimensions  of  the  (off-stoichiometric)  R2Fei7-type  alloys 
based  on  R2Fei4_;cCo^Si2,  where  R=Gd,  Tb,  Er,  Tm,  and  Y  and  x=A  were  determined.  Partial 
substitution  of  Fe  by  Co  slightly  increases  the  sabiration  magnetization  of  the  alloys  and  produces 
an  average  increase  in  the  Curie  temperature  {T^  of  55  K  per  Co  atom.  The  enhancement  of  the 
Curie  temperature  with  the  addition  of  cobalt  is  attributed  to  the  strengthening  of  the  average  3d-3d 
exchange  interaction.  For  Er-  and  Tm-containing  compounds,  replacement  of  Fe  by  Co  has  a 
remarkable  effect  in  shifting  the  observed  spin  reorientation  temperature  toward  higher 
temperatures.  These  results  are  discussed  in  terms  of  the  influence  of  the  interaction  of  the  4/ 
electrons  of  the  rare-earth  ions  with  the  3d  electrons  of  the  transition-metal  ions,  which  modifies  the 
overall  anisotropy  of  the  alloys. 


I.  INTRODUCTION 

It  is  well  established  that  binary  R2Fej7  compounds  have 
basal  plane  anisotropy,  which  arises  from  a  combination  of 
the  contribution  from  the  3d  Fe  and  4/  rare-earth  sublattice 
magnetizations.  ‘  Recently  it  was  found  that  incorporation  of 
Si  atoms  in  the  lattice  of  R2Fei7  significantly  enhanced  the 
magnetic  ordering  temperature  T^.  (Refs.  2  and  3)  and  pro¬ 
duced  spin  reorientation  transition  regions  in  the  Er2Fei7  al¬ 
loy  system.^  The  spin  reorientation  temperature  T^,  observed 
in  Er2Fei4Si2  and  in  Tm-based  compounds  is  believed  to  be 
due  to  a  change  of  magnetocrystalline  anisotropy  from  an 
easy  axis  to  a  basal  plane  with  increasing  temperature.^  The 
region  of  uniaxial  anisotropy  as  determined  from  the  spin 
reorientation  transition  is  crucial  for  production  of  high- 
performance  permanent  magnet  materials.  The  addition  of  Si 
in  the  lattice  was  also  found  to  have  a  remarkable  influence 
in  reducing  the  unit-cell  volume  of  2:17  compounds.  This 
behavior  is  related  to  a  particular  Si  site  occupation  in  the 
lattice.'*  In  the  latter  reference  the  observation  showed  that 
the  position  of  Si  in  the  off-stoichiometric  lattice  is  interest¬ 
ingly  different  from  that  of  the  stoichiometric  one.  This  may 
suggest  a  particular  influence  of  the  Si  atoms  on  the  local 
anisotropy  of  the  sublattices. 

The  objective  of  the  present  work  is  to  study  the  effect  of 
partial  substitution  of  Fe  by  Co  on  the  magnetic  properties  of 
off-stoichiometric  R-Fe  siiicides.  The  physical  and  magnetic 
properties  of  the  latter  off-stoichiometric  system  was  inves¬ 
tigated  before.^  Results  of  lattice  dimensions,  saturation 
magnetization.  Curie  temperatures  for  all  the  studied  alloys, 
and  the  spin  reorientation  temperatures  for  Er  and  Tm  com¬ 
pounds  are  reported  in  detail. 

II.  EXPERIMENT 

The  starting  materials  were  prepared  by  induction  melt¬ 
ing  of  the  constituent  metals  in  a  water-cooled  copper  boat 
under  a  flowing  argon  atmosphere.  As-cast  ingots  were  heat 


’’Permanent  address:  Physics  Department,  Penn  State  University, 
McKeesport,  PA  15132. 


treated  at  900  °C  for  2  days  and  then  rapidly  cooled  to  room 
temperature.  Powder  x-ray  diffraction  with  CuKa  radiation 
was  employed  to  determine  phase  purity  and  lattice  dimen¬ 
sions.  The  magnetic  measurements  were  carried  out  at  295 
and  20  K  using  a  vibrating  sample  magnetometer  in  external 
fields  up  to  16  kOe.  The  saturation  magnetization  was 
determined  by  measuring  the  magnetization  of  random  and 
aligned  powders  of  sizes  <38  /tm.  The  spin  reorientation 
temperature  Tg,  was  obtained  from  the  temperature  depen¬ 
dence  of  the  magnetization  in  the  temperature  range  10- 
1100  K  with  a  field  of  0.5  kOe  on  both  rough  chunk  and 
aligned  powders.  Curie  temperatures  were  also  deter¬ 
mined  by  plotting  M^  vs  T  and  extrapolating  the  steep  part  of 
the  curve  to  A/^=0. 

III.  RESULTS  AND  DISCUSSION 
A.  Lattice  parameters 

Results  of  x-ray  diffraction  on  R2FeioCo4Si2  revealed  the 
formation  of  single-phase  materials  which  have  the  charac¬ 
teristics  of  hexagonal  crystal  structure  type  Th2Nii7  when 
R=Y,  Tb,  Er,  and  Tm  and  of  rhombohedral  type  Th2Zni7 
when  R=Gd.  Table  I  shows  results  of  lattice  parameters 
compared  to  those  of  R2Fei4Si2  compounds.  Introduction  of 
cobalt  in  the  lattice  (up  to  x=4)  resulted  in  a  decrease  of 
unit-cell  volume.  This  is  expected  due  to  the  smaller  size  of 


TABLE  I.  Lattice  parameters  and  unit-cell  volume  of  (R2Fei7-type) 
R2FeioC04Si2  compounds. 


Composition 

a  (A) 

c  (A) 

c/a 

v(k) 

Gd2Fci4Si2 

8.463 

12.395 

1.46 

768.8 

Gd2Fe,nCo4Si2 

8.465 

12.227 

1.44 

758.7 

Tb2Fei4Si2 

8.473 

8.257 

0.97 

513.4 

Tb2FeinC04Si2 

8.453 

8.247 

0.97 

510.3 

Er7Fe,4Sij 

8.409 

8.279 

0.98 

506.9 

Er2Fe,oCo4Si2 

8.390 

8.256 

0.98 

503.9 

Tm2Fei4Sij 

8.394 

8.256 

0.98 

503.8 

Tm2FeioCo4Sij 

8.377 

8.246 

0.98 

501.1 

Y2Fe,4Si2 

8.433 

8.247 

0.98 

507.9 

Y2Fe,oCo4Si2 

8.417 

8.260 

0.98 

506.7 

6262  J.Appl.Phys.  75(10),  15  May  1994 


0021-8979/94/75(10)/6262/3/$6.00 


©  1994  American  Institute  of  Physics 


X^LE  II.  Magnetic  properties  of  R2FeioCo4Si2  compounds. 


Composition 

TcIK) 

RT 

M,  (emu/g) 

20  K 

Gd2FeioCo4Si2 

753 

70 

58 

Tb2FejoCo4Si2 

743 

Er2Fe,oCo4Si2 

706 

84 

28 

Tm2FeioCo4Si2 

684 

101 

38 

Y2FeioCo4Si2 

703 

123 

148 

the  cobalt  atom  compared  to  that  of  iron.  This  reduction  of 
lattice  dimensions  is  also  related  to  the  preferential  site  oc¬ 
cupation  of  cobalt  in  the  lattice  which  was  revealed  to  be  the 
transition  metal  sitt,.-  d  and  h  in  the  rhombohedral  type  and 
the  /  sites  in  the  hexagonal  type.^ 

B.  Magnetic  properties 

Saturation  magnetization  at  20  K  and  room  temperature 
and  magnetic  ordering  temperature  data  for  R2FeioCo4Si2 
are  presented  in  Table  II.  It  should  be  noted  that  partial  re¬ 
placement  of  Fe  by  Co  produces  an  average  increase  of  the 
Curie  temperature  of  55  K  per  Co  atom.  The  enhancement  of 
Tc  in  these  alloys  was  observed  earlier  when  Fe  is  partially 
replaced  by  Si  atoms.^  This  effect  and  the  decrease  observed 
in  the  interatomic  distances  of  R2FeioCo4Si2  lattice  can  be 
attributed  to  the  modification  of  short  Fe-Fe  distances  by  Co 
atoms®  and  concomitantly  to  the  particular  Si  site  occupation, 
which  all  contribute  to  the  strengthening  of  the  average  3<i- 
3<i  exchange  interaction.  Results  of  saturation  moments  for 
x=4  indicate  an  expected  net  increase  relative  to  R2Fe|4Si2. 
The  average  3d  transition  moments  range  between  1.9/ig 
and  l.OfjLg . 

Measurements  of  temperature-dependent  magnetization 
of  rough  chunk  samples  and  aligned  powders  for  Er-  and 
Tm-based  alloys  are  illustrated  in  Figs.  1-3.  Er2Fei7  exhibits 
no  magnetic  transition  down  to  4.2  K.  In  contrast,  the 
Tm2Fei7  alloy  shows  a  remarkable  spin  reorientation  transi¬ 
tion  at  72  K  at  which  the  easy  direction  of  magnetization 


Temperature  (K) 


FIG.  1.  Temperature  dependence  of  the  magnetization  of  the  Tm2Fei4Si2 
sample  with  field  parallel  H\\M  and  perpendicular //I  M  to  the  alignment 
The  arrow  indicates  the  spin  reorientation  temperature  T„  at  180  K. 


FIG.  2.  Temperature  dependence  of  the  magnetization  of  rough  chunk 
samples  of  Er2Fe|oCo4Si2  and  Tm2Feii)Co4Si2.  The  arrows  indicate  the  spin 
reorientation  temperatures  230  and  270  K. 


FIG.  3.  Temperature  dependence  of  the  magnetization  of  Er2Fe|QCo4Si2  with 
field  parallel  and  perpendicular  to  the  alignment.  The  arrow  indicates  the 
spin  reorientation  T,,  at  230  K. 


TABLE  III.  Spin  reorientation  (T,,)  and  easy  direction  magnetization 
(EDM)  of  R2FeioCo4Si2  (R=Er,Tm)  compounds. 


Composition 

(K) 

RT 

EDM 

20  K 

Er2Fei7 

plane 

plane 

Er2Fei4Si2 

35(100)' 

plane 

c  axis 

Er2Fe[QCo4Si2 

230 

plane 

c  axis 

Tm2Fe,7 

72 

plane 

c  axis 

Tm2Fei4Si2 

180 

plane 

c  axis 

Tm2Fe|oCo4Si2 

270 

plane 

c  axis 

*7'„2=100  K  taken  from  Ref.  2. 
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(EDM)  changes  from  easy  plane  to  a  hard  c  axis.^  Addition 
of  Si  atoms  (x>0.5)  in  the  lattice  of  the  former  alloy  triggers 
a  spin  reorientation  transition  (T^^)  at  low  temperatures.  In 
both  cases  the  substitution  of  Fe  by  Co  leads  to  an  additional 
shift  in  Jj,  toward  higher  temperatures.  In  fact,  this  behavior 
can  be  understood  in  these  compounds,  because  Er  and  Tm, 
which  are  characterized  by  a  positive  second-order  Stevens 
coefficient  (a>0),  together  with  the  Co  atom  seek  axial  an¬ 
isotropy.  This  is  in  contrast  to  the  Fe  moments  which  align  in 
the  basal  plane.  Therefore  the  axial  anisotropy  dominates 
over  a  wider  temperature  region  with  Co  substitution.  Re¬ 
sults  of  Tjr  proposed  EDM  for  Er-  and  Tm-based  com¬ 
pounds  are  given  in  Table  III.  For  Er2FeioSi2  the  two  transi¬ 
tions  observed  at  rs,i=35  K  and  7’s^=100  K  are  believed  to 
be  related  to  the  crystal  structure  forms  rhombohedral  and 
hexagonal  type.^  In  Er2FeioCo4Si2  cobalt  influences  the  lat¬ 
tice  and  stabilizes  only  the  hexagonal  structure  with  a  re¬ 
markable  increase  in  the  ^sr2  value.  Results  indicate  that  both 


Si  and  Co  site  occupations  have  a  strong  effect  on  the  local 
anisotropy  of  Er  (or  Tm)  4/  ions  and  induce  a  larger  negative 
second-order  crystal  field  parameter  A g.  The  latter  behavior 
resembles  that  generated  in  interstitial  carbon  in 
Tm2Fe,7C^.’ 
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A  contribution  to  the  knowiedge  of  phase  equilibria  and  the  magnetic 
properties  of  the  Nd-Fe-B-X  systems  (X=Ai,Co,V) 

Anders  Micski  and  Bjorn  Uhrenius 

Swedish  Institute  for  Metals  Research,  Drottning  Kristinas  v'dg  48, 114  28  Stockholm,  Sweden 

A  technique  based  on  dijGFusion  couples  for  the  determination  of  the  compositions  of  different  phases 
present  in  the  Fe-Nd-B  and  Fe-Nd-B-Al  systems  was  used.  By  this  technique  the  composition  of 
the  liquid  in  equilibrium  with  the  solid  phases  could  be  determined.  Since  all  elements  are 
encapsulated  in  an  iron  capsule,  the  study  of  oxidation-sensitive  elements  like  neodymium  was 
easily  made.  By  using  this  technique,  new  information  on  the  composition  of  the  liquid  phase  in 
equilibrium  with  solid  phases  in  the  Fe-Nd-B  system  as  well  as  the  Fe-Nd-B-Al  system  was 
determined  at  two  temperatures.  This  information  was  used  to  improve  the  representation  of  the 
liquidus  surfaces  of  the  systems.  The  effects  of  Al,  V,  and/or  Co  additions  on  the  coercivity  and 
energy  product  of  sintered  Fe-Nd-B  magnets  are  also  presented. 


INTRODUCTION 

Permanent  magnets  based  on  the  Fe-Nd-B  system  are 
among  the  strongest  available  today.  The  excellent  magnetic 
properties  are  attributed  to  the  Nd2Fej4B  phase  (<^).  These 
magnets,  however,  suffer  from  two  major  drawbacks  as  com¬ 
pared  to,  e.g.,  magnets  based  on  Sm-Co,  namely,  (i)  poor 
corrosion  resistance  and  (ii)  a  rapid  decline  in  coercivity 
(jHc)  and  magnetization  above  relatively  low  temperatures 
(«=150°C).  A  major  field  of  research  is  to  improve  these 
properties,  which  may  be  achieved  by  adding  different  ele¬ 
ments  to  the  Fe-Nd-B  system,  e.g.,  Co,  V,  or  Al.*"*  Co  is 
added  to  improve  the  Curie  temperature  of  the  material  and 
also  to  improve  the  thermal  stability  of  the  coercivity.  The 
coercivity  at  room  ternwrature,  however,  is  reduced  by  Co 
addition.  Tenaud  etalr  found  that  this  detrimental  effect 
could  be  compensated  by  additions  of  V.  Al  is  believed  to 
improve  the  wetting  between  the  Nd-rich  intergranular  phase 
and  thus  increasing  the  fraction  of  Nd-filled  grain  bound¬ 
aries  and  therefore  the  coercivity. 

When  new  elements  are  added  to  the  Fe-Nd-B  system, 
new  phases  may  appear  in  the  material.  These  elements  may 
also  enter  the  different  phases  already  present  in  the  material, 
e.g.,  the  Nd2Fei4B  phase  and/or  the  Nd-rich  intergranular 
phase.  These  changes  of  the  microstructure  are  of  great  im¬ 
portance  for  the  magnetic  properties  of  the  material  and  may 
result  in  an  improvement  of  the  magnetic  properties.  To  un¬ 
derstand  the  influence  of  the  different  alloying  elements  on 
the  microstmcture,  the  appropriate  phase  diagram  has  to  be 
known.  ITie  method  most  often  used  for  the  investigation  of 
phase  equilibria  is  based  on  differential  thermal  analysis 
(DTA),  standard  metallography,  and  electron  probe  mi¬ 
croanalysis  (EPMA).*"*  The  composition  of  the  different 
precipitated  phases  and  the  temperatures  of  the  phase  trans¬ 
formations  can  be  determined  with  this  technique.  However, 
it  is  difficult  to  determine  the  composition  of  the  liquid  phase 
as  well  as  the  equilibrium  composition  of  the  solid  phases 
present  at  the  different  temperatures.  Such  information  is  vi¬ 
tal  for  the  understanding  of  the  development  of  the  micro¬ 
stmcture  during  liquid-phase  sintering. 

In  the  present  study,  results  obtained  using  a  comple¬ 
mentary  method  involving  diffusion  couples  are  presented. 
Some  results  obtained  after  magnetic  measurements  of  Nd- 


Fe-B-X  magnets,  where  X=A1,  V,  and/or  Co,  are  also  pre¬ 
sented. 


EXPERIMENTAL  DETAILS 

The  diffusion-couple  technique  involved  enclosing  the 
elements  Nd,  B,  and  X  (where  X  stands  for  any  alloying 
element  used)  or  alloys  of  the  elements  in  an  iron  capsule 
and  heat  treating  at  the  appropriate  temperatures.  During  heat 
treatment  the  equilibrium  phases  between  the  Nd-B  mixture 
and  iron  were  formed.  After  quenching,  the  composition  of 
the  different  phases  at  temperature  were  frozen  in  and  were 
determined  by  EPMA.  This  technique  made  it  rather  easy  to 
heat  treat  alloys  based  on  oxidation-sensitive  elements,  like 
neodymium,  since  all  elements  were  encapsulated  in  a  pro¬ 
tective  capsule  of  iron. 

Raw  materials  used  were  an  iron  tube  (99.9%  iron,  wall 
thickness  10  mm).  This  was  filled  with  neodymium  (99.9%) 
and  FeB  powder  (99.3%)  of  a  Nd/B  ratio  which  would  pro¬ 
duce  the  equilibrium  stmctures  of  interest.  The  iron  tube  was 
sealed  with  an  iron  rod,  which  was  welded  to  place.  Heat 
treatments  were  performed  at  1000  and  1100  "C  in  argon  gas 
for  ten  or  seven  days,  respectively,  after  which  the  specimens 
were  quenched.  After  cutting  the  specimens,  the  microstruc¬ 
ture  was  studied  using  metallographic  techniques.  The  com¬ 
positions  of  the  different  microstructural  constituents  was 
analyzed  using  a  microprobe  (JEOL  6400  equipped  with  a 
Tracor  system  2).  Four  alloys  with  different  B:Nd:Fe  ratios 
were  used  as  standards.  These  were  made  from  rapidly 
quenched  melt-spun  ribbons  produced  at  a  cooling  rate  of 
about  10*  K/s  to  ensure  a  homogeneous  material  without 
segregations.  These  standards  were  chemically  analyzed  with 
respect  to  their  B,  Fe,  and  Nd  content. 

The  effects  of  Al,  Co,  and  V  additions  on  the  magnetic 
properties  of  a  Fe-Nd-B  magnet  with  the  composition 
Nd2oFe74D6  was  also  studied.  The  magnets  were  produced 
from  induction-melted  alloys.  The  cast  alloys  were  hydrogen 
decrepitated,  milled,  dried,  aligned  in  an  open  coil  pulse 
magnetizer,  cold  isostatically  pressed  at  200  MPa,  and  sin¬ 
tered  in  vacuum  at  1080  °C  for  1  h.  The  effect  of  a  post¬ 
sinter  heat  treatment  at  650  °C  for  1  h  in  vacuum  on  the 
magnetic  properties  was  studied.  The  magnetic  properties 
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FIG.  1.  Light  optical  micrograph  of  a  cross  section  through  a  diffusion 
couple  in  the  Fe-Nd-B  system  in  an  as-polished  condition.  The  different 
phases  present  after  heat  treatment  at  1000  °C  for  10  days  are  seen.  The 
multiphase  region  marked  L  was  a  homogeneous  liquid  phase  at  the  heat- 
treatment  temperature. 


were  measured  in  a  superconducting  quantum-interference 
device  magnetometer  at  273  K. 

RESULTS 
Phase  relations 

A  picture  of  the  part  of  the  phase  diagram  along  a  line 
connecting  the  iron-rich  comer  with  the  Nd/B  alloy  could  be 
obtained  by  a  careful  analysis  of  the  microstructure.  A  typi¬ 
cal  appearance  of  a  cross  section  through  a  diffusion  couple 
is  seen  in  Fig.  1.  This  specimen  was  heat  treated  at  1000  *C 
for  10  days  before  quenching.  The  iron  tube  is  seen  to  the  far 
left  and  has  partly  reacted  with  Nd  and  B  at  temperature.  The 
different  phases  present  in  the  microstructure  are  as  follows: 
Nd2Fei4B(<^)  is  seen  in  contact  (i.e.,  in  equilibrium)  with  the 
iron  to  the  left.  Outside  the  phase  there  is  a  region,  which 
at  the  heat  treatment  temperature,  consisted  of  liquid  in  equi¬ 
librium  with  (j)  and  Ndi  iFe4B4(j7),  the  latter  phase  seen  to 
the  far  right.  During  quenching,  the  liquid  phase  decomposed 
to  primarily  precipitated  needles  of  ^  and  an  eutectic  struc¬ 
ture  consisting  of  4>,  Vi  ^nd  other  intermetallic  phases.  The 
composition  of  the  liquid  phase  was  determined  by  scanning 
over  large  areas  of  this  composite  structure.  An  average  of 
about  10  measurements  was  evaluated  where  each  measure¬ 
ment  was  made  on  an  area  the  size  of  about  10“*  yxs^. 

In  Fig.  2(a),  a  tentative  liquidus  projection  of  the  Fe- 
Nd-B  system  according  to  Matsuura  et  al^  is  shown.  The 
positions  of  the  three  ternary  phases  <(>,  t],  and  Nd2FeB3(p) 
are  also  marked.  The  results  obtained  in  the  present  study  on 
the  Fe-Nd-B  system  were  used  to  construct  the  diagram 
shown  in  Fig.  2(b).  It  was  assumed  that  the  eutectic  compo¬ 
sitions  El  and  £2  known  from  the  literature.®  The  posi¬ 
tions  of  the  transition  composition  i/ 13  has  tentatively  been 
shifted  to  a  position  closer  to  the  Fe-Nd  axis,  while  the 
transition  composition  t/]2  is  assumed  to  be  known.  The 
liquidus  projection  £,£2  has  been  drawn  closer  to  the 
Fe-Nd  axis  as  compared  to  Fig.  2(a)  at  lower  temperatures, 
indicating  a  less  boron-rich  liquid.  The  composition  of  the 


FIG.  2.  (a)  A  tentative  liquidus  projection  of  the  Nd-Fe-N  system,  accord¬ 
ing  to  Matsuura  et  al.  (Ref.  8).  The  ternary  phases  <f),  rj,  and  p  are  also 
marked,  (b)  The  liquidus  projections  in  the  Fe-Nd-B  system  according  to 
the  present  study.  Also  indicated  is  the  liquid-phase  composition  in  the  Fe- 
Nd-B-Al  system  at  1000  and  1100  "C,  respectively. 


liquid  phases  in  equilibrium  with  the  different  solid  phases 
obtained  on  the  Fe-Nd-B  is  given  in  Table  I. 

The  same  technique  was  also  applied  to  the  Fe-Nd- 
B-Al  system.  Figure  2(b)  shows  the  composition  of  a  liquid 


TABLE  1.  Results  of  the  analysis  of  the  composition  of  the  different  phases 
found  in  diffusion  couples  in  the  Fe-Nd-B  and  Fe-Nd-B-Al  systems.  L 
denotes  the  liquid  phase  present  at  the  heat  treatment  temperature. 


Composition  (a/o) 


System 

T(°C) 

Phase 

B 

Nd 

Fe 

Al 

Fe-Nd-B 

1000 

L  in  equilibrium 
with  (fi  and  ij 

8 

46 

46 

Fe-Nd-B 

1000 

L  in  equilibrium 
with  7/  and  p 

8 

70 

22 

Fc-Nd-B 

1100 

L  in  equilibrium 
with  (t>  and  r/ 

22 

20 

58 

Fe-Nd-B-Al 

1000 

L  in  equilibrium 
with  ^  and  j} 

7 

45 

39 

9 

Fe-Nd-B-Al 

1100 

L  in  equilibrium 
with  <t>  and  i? 

18 

25 

53 

4 

Fe-Nd-B-Al 

1000 

4>  in  equilibrium 
with  Fe 

6 

11 

80 

4 

Fe-Nd-B-Al 

1000 

(f)  in  equilibrium 
with  L 

6 

11 

77 

6 

Fe-Nd-B-Al 

1100 

<f>  (average) 

6 

12 

79 

3 

Fe-Nd-B-Al 

1000 

P 

49 

32 

14 

5 
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TABLE  II.  Results  obtained  after  magnetic  measurements  on  alloys  of  dif¬ 
ferent  compositions. 


Composition 

Condition 

(kA/m) 

(kJ/m») 

Nd2oFe74B6 

as  sintered 

652 

160 

heat  treated 

1039 

172 

Nd2oFe74B4+3  at.  %  Al 

as  sintered 

1106 

206 

heat  treated 

1347 

247 

Nd2o(Feo  95C0Q  05)7465 

as  sintered 

390 

154 

heat  treated 

497 

205 

NdjofFeo  95C00  05)74^6 

as  sintered 

414 

187 

2  at.  %  V 

heat  treated 

627 

212 

NdroCFco  95*^0  05)7486"^ 

as  sintered 

434 

100 

3  at.  %  Al 

heat  treated 

762 

123 

Nd2o(Feo  95CO0  05)7465 

as  sintered 

1225 

194 

2  at.  %  V+3  at.  %  Al 

heat  treated 

1442 

238 

phase  containing  A1  in  equilibrium  with  <j)  and  t}  at  1000  and 
1100  °C,  respectively.  The  composition  of  the  liquid  corre¬ 
spond  well  with  the  composition  in  the  Fe-Nd-B  system 
and  is  slightly  shifted  closer  to  the  Nd  comer.  The  composi¬ 
tion  of  this  liquid  is  given  in  Table  I.  In  the  quaternary  Fe- 
Nd-B-Al  system,  the  phase  was  found  to  contain  alu¬ 
minium,  replacing  iron,  which  is  in  agreement  with  previous 
work.^  The  composition  of  this  phase  at  1000  "C  was  deter¬ 
mined  both  in  equilibrium  with  pure  iron  and  in  equilibrium 
with  the  liquid.  The  composition  can  be  described  by  the 
formula  Nd2Fej4_jfAl;tB,  where  x  =  l.2  in  the  equilibrium 
with  the  liquid,  and  jt=0.7  in  the  equilibrium  with  Fe.  The 
slightly  lower  Nd  content  obtained  for  this  phase  in  the  qua¬ 
ternary  system,  see  Table  I,  as  compared  to  the  0  phase  in 
the  Fe-Nd-B  system,  might  be  due  to  the  uncertainty  in  the 
EPMA  analysis.  Furthermore,  it  was  not  possible  to  deter¬ 
mine  the  variation  of  A1  content  of  this  phase  at  1100  °C  due 
to  the  thin  layer  of  the  ^  phase  obtained  in  this  case.  The 
overall  composition  could,  however,  be  described  by 
Nd2Fei4_;tAl,B  with  a: =0.5.  The  p  phase  was  also  found  to 
dissolve  aluminium  on  the  expense  of  the  iron  content.  An 
approximate  composition  for  this  phase  at  1000  °C  is 
Nd2Fei_,Al;tB3,  where  x  is  about  0.3.  Tlie  A1  content  of  the 
77  phase  was  below  the  detection  limit  of  the  microprobe, 
which  is  believed  to  be  less  than  0.1%  Al.  The  composition 
of  this  phase  was  the  same  in  both  the  ternary  and  the  qua¬ 
ternary  systems. 

Magnetic  properties 

The  compositions  of  the  alloys  studied  are  listed  in  Table 
II.  Tenaud  et  al.^  have  reported  that  the  decrease  in  coerciv- 
ity  due  to  a  Co  addition  can  be  compensated  for  by  additions 
of  V.  They  found  that  the  optimum  V  addition  was  critically 


dependent  on  the  B  content.  Based  on  the  work  by  Tenaud 
et  al.^  a  V  addition  of  2  at.  %  was  used  in  the  present  study. 
Al  is  known  to  improve  the  coercivity  of  sintered  Fe-Nd-B 
magnets.  Schneider  et  al?  have  reported  a  coercivity  maxi¬ 
mum  in  sintered  Fe-Nd-B  magnets  when  the  amount  of  Al 
is  3  at.  %,  which  was  used  in  the  present  study.  In  Table  II  is 
summarized  the  results  from  the  measurements  of  the  coer¬ 
civity  and  energy  product.  The  post-sintering  heat  treatment 
had  a  large  positive  effect  on  the  measured  magnetic  proper¬ 
ties.  The  Al  additions  improved  the  coercivity  as  compared 
to  the  unalloyed  Fe-Nd-B  magnet.  The  substitution  of  5 
at.  %  Co  for  Fe,  however,  decreased  the  coercivity  substan¬ 
tially.  The  positive  effect  of  combining  Co  and  V  additions  is 
shown,  but  the  coercivity  is  still  considerably  lower  as  com¬ 
pared  to  the  unalloyed  magnet.  This  effect  is  probably  due  to 
new  paramagnetic  phases  appearing  in  the  material  after  sin¬ 
tering.  The  results  also  show  that  Al  and  Co  additions  alone 
is  not  enough  to  obtain  high  coercivity.  If  Al,  Co,  and  V 
additions  are  combined,  however,  the  coercivity  increases 
well  above  the  value  of  the  unalloyed  and  the  Al  alloyed 
magnet.  The  coercivity  after  alloying  with  only  2  at.  %  V  and 
after  alloying  with  Al  and  V  was  almost  zero  and  these  re¬ 
sults  were  not  included  in  Table  II. 

These  effects  on  coercivity  can  be  fully  understood  if  the 
appropriate  phase  diagrams  are  known.  The  work  at  our  de¬ 
partment  on  this  area  is  therefore  concentrated  on  more 
phase  diagram  studies,  and  the  results  from  these  studies  will 
be  published  later. 
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The  influence  of  Si,  Co,  and  Dy203  on  magnetic  properties  of  sintered  40Cedidymium-Fe-B 
magnets  was  investigated  and  related  to  the  microstructure  through  transmission  electron 
microscopy  (TEM)  investigations.  It  is  found  that  the  decrease  in  and  caused  by  the  presence 
of  Ce  in  the  40Cedidymium  could  partly  be  compensated  by  additives.  Sintered  magnets  with 
=  9.2  kOe  and  (BH)n,„=28.2  MG  Oe  were  successfully  achieved.  TEM  investigations  show  an 
intragranular  amorphous  phase  within  the  R2Fei4B  (R=Nd,  Pr,  or  Ce)  grains  and  three  new 
intergranular  phases  at  grain  boundaries  and  junctions  of  the  R2Fei4B  grains.  It  is  suggested  that  the 
deterioration  in  the  magnetic  hardening  is  closely  related  to  these  new  phases  as  well  as  the  low 
magnetic  anisotropy  field  of  the  Ce2Fei4B  compound.  The  intragranular  phase  is  likely  to  act  as 
nucleation  positions  for  reverse  magnetic  domains. 


I.  INTRODUCTION 

Since  the  simultaneous  discovery  of  Nd-Fe-B-based 
permanent  magnets  by  Sumitomo  Special  Metals^  in  Japan 
and  General  Motors^  in  the  United  States  in  1983,  the 
R-Fe-B  compounds  have  been  of  continuous  interest  in 
both  technological  and  scientific  fields  because  of  their  supe¬ 
rior  magnetic  properties.  Magnets  with  energy  products  as 
high  as  45  MG  Oe  are  commercially  available,  and  there  is  a 
growing  demand  for  applications  related  to  miniaturization 
and  more  efficient  devices.  However,  despite  the  outstanding 
magnetic  properties  of  these  magnets,  their  applications,  es¬ 
pecially  in  price-sensitive  areas,  have  been  hindered  by  their 
relatively  high  cost  compared  to  the  established  magnets 
such  as  hard  ferrite.  In  the  past  several  years,  many 
investigations^"*  have  indicated  that  it  is  feasible  to  reduce 
this  problem  by  replacing  Nd  with  other  more  abundant  and 
more  inexpensive  rare-earth  elements,  Ce,  La,  or  unseparated 
rare-earth  mixtures.  According  to  Okada  et  al.^  40Cedidy- 
mium,  which  is  the  typical  product  in  the  extracting  process 
of  the  rare-earth  elements,  is  a  good  candidate  for  developing 
inexpensive  R-Fe-B  magnets.  However,  the  magnetic  an¬ 
isotropy  field,  the  saturation  magnetization,  and  the  Curie 
temperature  of  the  Ce2Fei4B  compound  are  much  lower  than 
those  of  Nd2Fei4B.  This  in  turn  drastically  reduces  the  coer- 
civity,  the  energy  product,  and  the  thermal  stability  of  sin¬ 
tered  40Cedidymium-Fe-B  magnets.  In  our  previous  work,* 
the  alloy  phases  and  the  influence  of  Si,  Co,  and  Dy203  on 
the  magnetic  properties  of  sintered  40Cedidymium-Fe-B 
magnets  have  been  studied.  In  this  paper  the  magnetic  prop¬ 
erties  of  40Cedidymium-Fe-B  sintered  magnets  with  addi¬ 
tions  of  Si,  Co,  and  Dy203  are  presented  and  related  to  the 
microstructure  through  transmission  electron  microscopy  in¬ 
vestigations. 

II.  EXPERIMENTAL  PROCEDURE 

40Cedidymium  with  the  composition  of  40Ce-50Nd- 
lOPr  in  wt  %  was  synthesized  using  pure  Nd,  Ce,  and  Pr 


metals.  TNvo  series  of  alloys,  whose  compositions  are 
40Cedidymiumi6.5Fe77__tSi^B6  5  (alloy  A)  and 

40Cedidymiumi6.5Fe73_yCOySi4B5s  (alloy  B),  where  x=0, 
2,  4,  6,  and  8  and  )'  =  0,  10,  20,  and  30,  were  induction 
melted  in  an  aluminium  oxide-lined  graphite  crucible  under 
argon  atmosphere.  The  detailed  procedures  of  sintered  mag¬ 
net  production  was  described  in  Ref.  8.  A  series  of 
Dy203-doped  alloy  (alloy  C)  was  also  processed  by  blending 
the  40Cedidymium]6.5Fe53CoioSi4B6  5  alloy  powder  with  dif¬ 
ferent  amounts  (Z  wt  %)  of  Dy203  and  then  the  same  proce¬ 
dure  as  described  in  Ref.  8  was  followed.  The  magnetic 
properties  were  measured  using  an  integrating  hysteresi- 
graph,  and  the  Curie  temperature  was  determined  by  a 
differential  scanning  calorimeter  (DSC)  at  a  heating  rate  of 
10°C/min.  Electron  transparent  foils  were  prepared  using 
argon  ion  milling.  The  specimens  were  then  examined  in  a 
Philips  CM-30  transmission  electron  microscope  equipped 
with  a  standard  energy  dispersive  x-ray  spectroscopy  (EDS). 

III.  MAGNETIC  PROPERTIES 

The  composition  dependence  of  the  magnetic  properties 
of  the  sintered  magnets  is  summarized  in  Table  I.  It  is  clear 
from  this  table  that  both  ,//(.  and  T^.  show  a  monotonic  in¬ 
crease  with  increasing  Si  content  while  the  remanence  shows 
a  reverse  trend  on  Si  addition.  The  substitution  of  Co  for  Fe 
gives  rise  to  a  considerable  increase  in  7^  but  a  decrease  in 
flc  as  expected.  The  addition  of  Dy203  to  the  Si-  and  Co¬ 
containing  magnet  substantially  increases  the  intrinsic  coer- 
civity,  from  6.0  kOe  for  Dy203-free  alloy  to  10.5  kOe  for 
Z= 5  in  wt  %  (=“1.8  at.  %  Dy  in  the  magnet).  The  remanence 
was  slightly  decreased  at  a  level  of  Dy203  content  less  than  3 
wt  %  («1.4  at.  %  Dy  in  the  magnet). 

IV.  MICROSTRUCTURE 

The  microstructure  of  the  sintered  magnet  with  compo¬ 
sition  of  40Cedidymiumi6  5Fe63CoioSi4B6  5  blended  with  3 
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TABLE  I.  Magnetic  properties  of  alloy  A  with  increasing  Si  (x)  content, 
alloy  B  with  increasing  Co  (y)  content,  and  alloy  C  with  increasing  Dy^Os 
content  (Z). 


Alloy 

Br 

(kG) 

(kOe) 

(BH)^ 

(MGOe) 

Tc 

(°C) 

Alloy  A: 

0 

11.6 

5.1 

27.8 

261 

Aral.  % 

2 

11.3 

5.9 

28.5 

268 

4 

11.2 

6.5 

29.0 

275 

6 

10.8 

6.9 

26.4 

280 

8 

10.3 

7.2 

24.0 

286 

Alloy  B: 

0 

11.2 

6.5 

29.0 

275 

y  at.  % 

10 

11.3 

6.0 

26.5 

350 

20 

11.0 

5.8 

25.5 

418 

30 

10.5 

5.5 

23.3 

464 

Alloy  C: 

0(0) 

11.3 

6.0 

26.5 

350 

Zwt% 

2  (0.7) 

11.1 

8.5 

29.0 

(at.  %  Dy) 

3  (1.1) 

10.9 

9.2 

28.2 

4  (1.4) 

10.5 

9.8 

25.8 

5  (1.8) 

9.9 

10.4 

22.9 

wt  %  Dy203  was  studied  in  detail.  Four  typical  phases  were 
found  in  this  magnet  in  addition  to  the  R2Fei4B  matrix,  the 
B-rich  phase  and  the  Nd-rich  phases,  which  are  generally 
observed  in  the  sintered  Nd-Fe-B  magnets.  These  new 
phases  can  be  divided  into  two  kinds.  One  is  present  within 
the  matrix  grains  and  the  others  at  the  grain  boundaries.  The 
dimensions  of  these  phases  vary  from  several  hundred  na¬ 
nometers  to  several  micrometers.  The  phase  (phase  A)  in  Fig. 

1  shows  a  spherical  configuration  (particle)  and  is  widely 
distributed  inside  the  R2Fei4B  grains.  The  corresponding  se¬ 
lected  area  electron  diffraction  (SAED)  pattern  reveals  that  it 
is  an  amorphous  phase.  This  was  also  confirmed  by  high- 
resolution  images.  The  composition  of  the  A  particles  ana¬ 
lyzed  by  EDS  is  given  in  Table  11.  It  is  clear  that  these  par¬ 
ticles  are  rich  in  rare-earth  elements  (Nd,  Ce,  and  Pr).  The 
reason  for  the  occurrence  of  phase  A  is  still  unknown.  Figure 

2  shows  two  intergranular  phases  (phases  B  and  C)  fre- 


TABLE  II.  Structure  and  composition  of  phases  found  in  the  sintered 
-lOCedidymiumiejFeaCoioSijB^j+S  wt  %  Dy203  magnet. 


Phase 

Structure 

Composition  (at  %) 

Nd 

Ce 

Pr 

Fe 

A 

amorphous 

40.46 

37.23 

2.44 

19.87 

B 

cubic 

48.25 

35.40 

16.35 

C 

trigonal 

45.08 

31.16 

10.18 

13.58 

D 

cubic 

40.15 

28.31 

31.54 

quently  found  at  grain  boundaries  and  triple  point  junctions 
between  R2Fei4B  matrix  grains.  EDS  results  (Table  II)  indi¬ 
cate  that  both  phases  are  rich  in  rare-earth  elements,  although 
iron  was  also  identified.  From  the  SAED  patterns  [Figs.  2(a) 
and  2(b)]  the  crystal  structure  of  phase  B  was  determined  to 
be  cubic  with  lattice  constant  about  11  A,  which  is  close  to 
cubic  Nd203  (a  =  11.04  A)  structure,  and  the  lattice  param¬ 
eters  of  phase  C  are  close  to  trigonal  Nd203  (a -3.9 12  A, 
c  =  6.227  A),  a  polymorph  of  the  cubic  Nd203.  Because 
oxygen  cannot  be  examined  by  EDS,  it  is  not  quite  certain 
whether  these  two  phases  are  oxides.  However,  R  oxides  are 
easily  formed  during  magnet  processing.  At  the  junctions  of 
the  matrix  grains  we  found,  as  shown  in  Fig.  3,  another 
R-rich  phase  (phase  D)  with  fee  structure  and  lattice  param- 


FIG.  2.  Dark-  and  bright-field  micrographs  and  SAED  patterns  of  a 
FIG.  1.  TEM  micrograph  and  SAED  pattern  of  40Cedidymium-Dy-Fe-  40Cedidymium-Dy-Fe-Co-Si-B  magnet,  showing  two  intergranular 

Co-Si-B  magnet,  showing  an  intragranular  amorphouslike  phase  A  within  phases,  B  and  C,  with  (a)  cubic  symmetry  and  (b)  trigonal  symmetry,  re- 
the  RjFe^B  grains.  spectively. 


J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Zhou,  Wang,  and  Hoier  6269 


FIG.  3.  Dark-field  image  of  the  intergranular  phase  D,  found  at  junctions  of 
the  R2Fe,4B  grains. 


eter  of  about  5.4  A.  It  should  be  mentioned  that  all  the  four 
new  phases  observed  contain  a  definite  amount  of  iron. 

V.  DISCUSSION 

It  is  well  known  that  the  origin  of  the  magnetic  harden¬ 
ing  in  R-Fe-B-based  magnets  is  due  to  the  formation  of 
tetragonal  R2Fei4B,  with  a  high  anisotropy  field.  In  addition, 
the  magnetic  hardening  also  strongly  depends  on  a  favorable 
microstructure.  According  to  Boltich  et  al.^  the  room- 
temperature  anisotropy  fields  of  Nd2Fei4B  and  Pr2Fei4B  are 
nearly  the  same,  70.7  and  79.3  kOe,  respectively,  but  the 
anisotropy  field  of  Ce2Fei4B  is  only  37.1  kOe,  about  half  of 
that  of  Nd2Fei4B.  From  this  point,  the  low  coercivity  of  sin¬ 
tered  40Ccdidymium-Fe-B  magnet  is  likely  to  be  attributed 
to  the  low  anisotropy  field  of  Ce2Fei4B.  However,  it  should 
be  noticed  that  the  value  of  ,f/<;  =  6  kOe,  only  about  50%  of 
that  of  Nd-Fe-B  sintered  magnets,*  seems  anomalously  low 
if  we  only  consider  the  effect  of  Ce2Fei4B  in  the  sintered 
magnet.  From  this  fact,  it  is  strongly  suggested  that  the  de¬ 
terioration  in  the  magnetic  hardening  is  not  only  due  to  the 
low  magnetic  anisotropy  field  of  Ce2Fei4B,  but  also  caused 
by  an  unfavorable  microstructure.  Usually  sintered  Nd-Fe- 
B-based  magnets  consist  of  three  types  of  phases:  the  hard 
magnetic  Nd2Fei4B  phase  (matrix),  the  tetragonal  boride 
phase  Ndi_4Fe4B4,  and  several  intergranular  Nd-rich  phases. 
Moreover,  the  matrix  does  not  contain  any  crystal  defects 
and  foreign  phases.  Based  on  the  results  of  our  investigation, 
the  magnet  under  discussion  clearly  shows  three  new  inter¬ 
granular  R-rich  phases  with  different  compositions  and  struc¬ 
tures  and  an  intragranular  amorphous  phase  which  is  quite 
regularly  distributed  within  the  matrix  grains.  The  influence 
of  these  new  foreign  phases  on  the  magnetic  hardening  is  not 
welt  understood,  but  it  is  suggested  that  the  intragranular 
phase  may  act  as  nucleation  positions  of  reverse  domains  due 
to  the  strong  demagnetizing  field  around  these  positions,  or 


as  pinning  sites  of  domain  walls.  In  this  case  we  may  infer 
that  it  is  likely  to  act  as  nucleation  positions  of  reverse  do¬ 
mains.  The  enhancement  of  the  coercivity  by  Jhe  substitution 
of  Si  for  Fe  may  be  attributed  to  the  increase  of  the  anisot¬ 
ropy  field  of  R2Fei4B  (R=Nd,  Pr,  and  Ce)  with  Si 
content. *”•**  The  improvement  on  the  Curie  temperature 
by  Si  addition  may  be  interpreted  as  being  due  to  a  decrease 
of  negative  exchange  interactions  between  3d  atoms.  This 
behavior  suggests  that  Si  atoms  have  a  strong  preference  for 
occupying  the  8;i  and  the  16^2  sites,  which  are  character¬ 
ized  by  a  negative  exchange  interactions  (antiferromagnetic) 
in  the  R2Fei4ij  structure. 

The  substantial  increase  of  the  intrinsic  coercivity  in  sin¬ 
tered  40Cedidymium-Fe-B  magnet  with  increasing  Dy203 
content  is  similar  to  that  in  the  Nd-Fe-B  based  sintered 
magnets  reported  by  Ghandehari.*^  It  is  believed  that  the 
improvement  is  due  to  the  high  anisotropy  field  of  the 
Dy2Fej4B  compound  (158  kOe). 

In  summary,  the  results  of  the  magnetic  measurements 
indicated  that  th  '•eduction  of  ,Hc  and  cased  by  the  Ce 
presented  in  the  40Cedidymium  can  be  partly  compensated 
by  Si,  Co,  and  Dy203  additions.  Transmission  electron  mi¬ 
croscopy  (TEM)  studies  showed  that  an  intragranular  amor- 
phouslike  phase  (phase  A)  is  widely  distributed  within  the 
matrix  grains,  and  three  new  intergranular  phases  (phases  B, 
C,  and  D)  locate  at  grain  boundaries  and  junctions  of  the 
matrix  grains.  It  is  inferred  that  these  phases,  especially 
phase  A,  are  likely  to  £ct  as  nucleation  positions  of  reverse 
magnetic  domains. 
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Investigation  of  the  magnetization  processes  in  melt-quenched  Nd2Fei4B  materials  has  been  made 
by  analysis  of  measurements  of  the  time  dependence  of  the  magnetizing  curves  (after  thermal 
demagnetization)  and  demagnetizing  curves  at  room  temperature.  The  quantities  S  (the  magnetic 
viscosity  parameter)  and  (the  intrinsic  irreversible  susceptibility)  have  been  determined  for  the 
commercially  available  materials  MQI  (isotropic,  resin  bonded),  MQII  (slightly  anisotropic,  hot 
pressed),  and  MQIII  (anisotropic,  hot  formed)  produced  by  Delco  Remy,  U.S.  In  addition  SM(H), 
which  compares  the  fraction  of  irreversible  processes  occurring  at  a  particular  field  in  the 
magnetizing  mode  with  those  occurring  at  the  same  field  in  the  demagnetizing  mode,  has  been 
determined  as  a  function  of  internal  field,  and  the  results  are  interpreted  in  terms  of  interactions 
between  grains.  From  these  results  it  is  shown  that  although  the  magnetization  and  demagnetization 
behavior  of  these  materials  differ  substantially,  this  may  be  attributed  to  differences  in  the  domain 
structure.  There  is  no  evidence  that  the  mechanism  for  hardening  is  different  from  that  of  the 
sintered  materials. 


INTRODUCTION 

The  mechanisms  of  magnetization  in  Nd2Fei4B  magnets 
produced  by  melt  quenching  have  been  the  subject  of  inten¬ 
sive  investigation  (e.g.,  for  a  review  see  Herbst').  There  is 
convincing  Lorentz  microscopy  evidence  that  domain 
boundary  walls  are  pinned  at  grain  boundaries  in  optimally 
quenched  ribbons  and  in  hot-pressed  and  die-upset  powders 
in  the  demagnetized  state  (Mishra^).  These  observations  have 
been  used  to  support  a  strong  domain  wall  pinning  model 
developed  by  Gaunt^  to  explain  the  coercivity  of  melt- 
quenched  materials  (Pinkerton  and  Fuerst"*).  However  Durst 
and  Kronmiiller^  and  Grdnefeld  and  Ilronmiiller*  show  by 
theory  and  experiment  that  in  fact  the  coercivity  of  the  meU- 
quenched  materials  may  be  explained  assuming  that  nucle- 
ation  is  the  domihant  mechanism  for  magnetic  hardening. 

Typical  melt-quenched  materials  exhibit  two  steps  in  the 
magnetization  curve,  suggesting  that  at  least  two  distinct  pro¬ 
cesses  arc  at  work,  but  on  the  demagnetization  curve  no  steps 
are  seen,  and,  from  the  uniformity  of  this  behavior  across 
compositions  and  microstructures,  it  may  be  assumed  that 
only  one  mechanism  is  at  work. 

We  have  measured  magnetic  viscosity  from  the  magne¬ 
tization  and  demagnetization  c.uves  for  samples  of  melt- 
quenched  Nd2Fei4B,  MQI  (resin -bonded,  isotropic),  MQII 
(slightly  anisotropic,  hot  pressed),  and  MQIII  (anisotropic 
die  upset),  supplied  by  Delco  Remy,  USA.  Thes-j  data  have 
been  fitted  to  the  fo'-n  M=A+S  ln(r+ro)  lo  give  the  mag¬ 
netic  viscosity  parameter  S  as  a  function  of  internal  field  H, . 
In  conjunction  with  these  experiments  we  measured  the  “re¬ 
coil  curves”  by  reversing  the  field  until  H,  became  zero  after 
f  ogressively  larger  magnetizing  fields  were  applied.  Wohl- 
farth  suggested  that  these  data  could  be  used  to  give  an  in¬ 
dication  of  the  deviations  from  the  case  of  noninteracting 
single-domain  particles.^  Following  Wohlfarth’s  theory, 
Kelly  et  al}  have  defined 

SM  =  2{P.-Pj),  (1) 

whue  P,=M,(H)IM,H  and  Pj=\[l-Mj(H)/M, {«>)], 


which  allows  these  deviations  to  be  quantified.  The  isother¬ 
mal  remanence  Mi(H)  and  the  dc  demagnetization  rema- 
nence  Mj(H)  may  be  determined  from  the  recoil  curves,  as 
the  values  of  M  when  //,-  becomes  zero. 

EXPERIMENT 

All  the  magnetic  measurements  reported  here  were  made 
using  a  vibrating  sample  magnetometer  in  conjunction  with  a 
50  kOe  solenoid.  A  cryostat  was  available  to  maintain  the 
temperature  of  the  sample  during  the  measurements  to 
±0.5  K.  The  samples  were  prepared  in  the  form  of  spheres 
0~5  mm  with  sphericity  ±5  fim,  allowing  the  demagneti¬ 
zation  factor  to  be  accurately  known.  Measurements  were 
made  at  298  K  on  the  magnetization  and  demagnetization 
curves  for  the  three  materials  after  thermal  demagnetization. 
In  an  effort  to  gather  comprehensive  information  magnetic 
viscosity  measurements  were  performed  in  conjunction  with 
recoil  curves  for  the  initial  curve  and  the  demagnetization 
curve. 

The  values  of  Af/(//,)  form  the  isothermal  remanent 
magnetization  (IRM)  curve  and  similarly  the  values  of 
form  the  dc  demagnetization  (DCD)  curve.  If  the 
recoil  curves  can  be  assumed  to  involve  only  reversible  mag¬ 
netization  processes,  then  the  values  of  M/(//,)  and 
can  be  said  to  be  the  irreversible  components  of  magnetiza¬ 
tion  M,„  associated  with  //, ,  the  measurement  fields. 

In  the  case  where  the  recoil  curves  for  each  value  of  H, 
are  parallel  to  each  other,  the  value  of  M^o^  at  i/,=0  may  be 
adjusted  to  give  a  more  accurate  value  of  A/ ;„(//,)  by  taking 
into  account  the  magnetic  viscosity  via  a  simple  linear  rela¬ 
tion  Although  this  linear  approximation  is  not  ideal  for  other 
than  square  loop  materials,  the  values  of  M,„  derived  from 
this  method  are  close  (within  5%)  to  those  derived  from  the 
method  outlined  by  Street,  McCormick,  and  Folks.® 

RESULTS 

For  MQI  the  recoil  curves  recorded  during  the  magneti¬ 
zation  of  the  samples  were  largely  parallel  and  reversible.  All 
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FIG.  1.  A  selection  of  recoil  curves  from  the  initial  magnetization  of  MQIII 
produced  by  applying  a  magnetizing  field  to  the  sample,  decreasing  the  field 
to  zero,  then  increasing  it  again. 


the  recoil  curves  from  both  the  magnetization  and  demagne¬ 
tization  measurements  were  slightly  concave  upwards  at 
fields  smaller  than  2.5  kOe  and  linear  elsewhere.  For  MQII 
and  MQIII  the  initial  recoil  curves  were  neither  parallel  to 
each  other  nor  truly  reversible  in  the  low-field  region,  as  Fig. 
1  shows  for  MQIII.  At  sufficiently  high  fields  (approximately 
at  the  end  of  the  first  step)  the  recoil  curves  became  parallel. 
For  the  demagnetization  measurements  the  recoil  curves 
were  both  linear  and  parallel  to  a  high  degree  of  accuracy. 

The  magnetic  viscosity  data  collected  for  the  three 
samples  were  very  similar  in  form  to  that  taken  from  con¬ 
ventional  measurements,  where  no  recoil  curves  are  per¬ 
formed.  For  each  of  the  materials  the  relative  peak  value  of  5 
is  much  .smaller  and  occurs  at  a  lower  field  (by  --1.6  kQe)  on 
the  magnetization  curve  than  the  demagnetization  curve,  in¬ 
dicating  that  the  irreversible  processes  occurring  are  dissimi¬ 
lar.  The  shape  of  the  S  curves,  shown  in  Fig.  2,  gives  no 
indication  of  the  steps  which  ap:-:ar  in  the  initial  M  \s  H 
curves. 

The  values  of  intrinsic  ineversible  susceptibility 
taken  as  the  derivatives  of  the  IRM  and  DCD  curve  with 
respect  to  H, ,  are  shown  in  Fig.  3.  For  the  three  materials  the 
peak  in  on  the  demagnetization  curve  occurs  at  a  slightly 
larger  field  than  either  of  the  peaks  on  the  magnetization 
curve,  in  contrast  to  other  reports  that  the  two  peaks  occur  at 
the  same  field.^  The  field  at  which  the  second  peak  in 
occurs  is  the  same  as  the  field  at  which  the  single  peak  in  S 
occurs  during  magnetization. 

Figure  4  shows  SM  vs  H,  for  the  materials  calculated 
according  to  Eq.  (1).  It  may  be  seen  that  the  steps  in  the 
initial  curves  are  also  evident  in  the  SM  curves  and  that  for 
all  three  matf'^’s  the  value  of  SM  is  positive  until  some 
point  after  cu^rcivity  He  when  it  becomes  small  but  nega¬ 
tive.  For  each  of  the  materials,  the  peaks  in  the  SM  curves 
coincide  with  the  fields  at  which  the  second  peak  of  x[„  (and 
the  peak  of  S)  occur  during  magnetization.  The  sharp  de¬ 
creases  in  SM  correlate  closely  with  the  peaks  in  (and  S) 
during  demagnetization.  These  data  (in  agreement  with  the 


FIG.  2.  Values  of  S  vs  H,  for  MQI,  MQII,  and  MQIII  from  (a)  the  initial 
curve  (IRM)  and  (b)  the  demagnetizing  curve  (DCD),  where  S  arises  from 
fitting  the  time  dependence  data  to  the  form  M=A  +S  ln(r-f  to).  The  IRM 
data  have  been  multiplied  by  2  to  allow  direct  comparison  with  the  DCD 
data. 

Henkel  plots  given  by  Herbst')  show  that  the  proportion  of 
particles  which  have  aligned  with  the  field  on  the  initial 
curve  is  greater  than  that  on  the  demagnetization  curve,  for  a 
given  H, ,  over  most  of  the  range. 

SUMMARY 

For  MQII  and  MQIII  the  variations  of  S  and  suggest 
that  the  first  step  in  the  initial  curve  is  a  result  of  largely 
irreversible  processes  but  these  are  not  sensitive  to  thermal 
activation.  This  is  similar  to  the  low-field  behavior  of  sin- 


H,(kOe) 


FIG.  3  vs  H,  for  MQI,  MQII,  and  MQIII  from  (a)  the  initial  curve 
(IRM)  and  (b)  the  demagnetizing  curve  (DCD).  The  IRM  data  have  been 
multiplied  by  2  to  allow  direct  comparison  wuh  the  DCD  data. 
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FIG.  4.  SM  vs  Hi  plot  for  MQI,  MQII,  and  MQIII.  The  large  positive  values 
at  low  fields  indicate  the  presence  of  larger  magnetizing  interactions  during 
the  initial  curve  than  the  demagnetizing  curve. 


tered  NdFeB  materials.  By  contrast  the  irreversible  processes 
which  give  rise  to  the  second  step  are  subject  to  significant 
thermal  activation,  as  indicated  by  the  peak  in  S.  This  is 
commensurate  with  the  opinion  of  Gronefeld  and  Kron- 
miiller*  that  the  first  step  arises  from  the  movement  of  do¬ 
main  walls  within  multidomain  grains  which  result  from  the 
thermal  demagnetization  process.  The  annihilation  of  the  do¬ 
main  walls  will  be  a  field-dominated  process  in  the  case 
where  there  are  relatively  few  pinning  sites  within  the  grains, 
and  only  small  time-dependent  effects  are  expected. 

If  half  the  grains  within  the  material  are  initially  multi- 
domain,  and  they  can  be  assumed  to  be  noninteracting 
uniaxial  particles;  then  the  value  of  Mi„  after  the  first  step 
will  be  50%  of  that  at  saturation.  Comparison  of  the 
curves  with  the  IRM  curves  show  that  for  MQII  (44%)  and 
MQIII  (49%)  this  is  approximately  true,  while  for  MQI  (6%) 
it  appears  that  few  of  the  grains  are  multidomain  after  ther¬ 
mal  demagnetization.  This  result  may  arise  from  the  different 
thermal  treatments  of  the  materials,  leading  to  either  a  dif¬ 
ferent  distribution  of  grain  sizes  or  to  a  different  density  of 
pinning  sites  within  the  grains.  However,  if  there  were  sig¬ 
nificant  numbers  of  pinning  sites  within  the  grains,  it  would 
be  expected  that  significant  time  dependence  would  also  be 
evident,  so  the  former  explanation  seems  more  likely  on  bal¬ 
ance.  MQIII  (hot  pressed  and  die  upset)  is  known  to  have  a 
shaip  grain  size  distribution,  and  these  results  suggest  that  it 
is  centred  at  some  value  larger  than  the  critical  size  for  a 
single  domain,  while  the  distribution  for  MQI  appears  to  be 
centered  at  a  size  smaller  than  the  critical  size,  so  that  only  a 
small  fraction  of  the  grains  start  in  a  multidomain  state.  The 
average  diameters  of  the  grains  in  MQI,  MQII,  and  MQIII 
are  about  0.03  (Ref.  1),  0.08  (Ref.  10),  and  0.1  (Ref.  1)  fim, 
respectively.  However,  the  theoretical  critical  domain  size, 
below  whicn  formation  of  a  domain  wall  is  energetically 
unfavorable,  is  0.3  /rm  (assuming  no  interactions  with  neigh¬ 
boring  grains).  These  results  suggest  that  critical  domain  size 
in  bulk  materials  may  be  significantly  smaller  than  the  theo¬ 
retical  value  for  an  isolated  grain. 


In  the  low-field  region  the  recoil  curves  are  not  truly 
reversible,  behavior  which  is  routinely  observed  in  strongly 
exchange  coupled  materials.  This  suggests  that  the  domain 
wall  movements  within  the  grains  (which  determine  the  first 
step  of  the  magnetization  curve)  are  subject  to  exchange  cou¬ 
pling  between  the  hard  grains  and  the  magnetically  softer 
grain  boundary  phase.  The  coupling  energy  is  small  com¬ 
pared  to  the  magnetostatic  coupling  which  is  set  in  place 
once  the  domain  walls  have  become  pinned  at  the  grain 
boundaries;  hence  it  is  not  possible  to  detect  this  effect  after 
saturation. 

After  most  of  the  multidomain  grains  have  been  re¬ 
moved  by  the  field-dominated  process  of  domain  wall  anni¬ 
hilation,  M  changes  slowly  until  some  larger  field,  slightly 
smaller  than  ,  when  the  rate  of  change  picks  up  again. 
This  point  is  correlated  with  the  peak  value  of  SM,  the  point 
at  which  there  is  the  largest  deviation  in  the  behavior  of  the 
IRM  and  DCD  curves.  SM  then  drops  rapidly  to  a  small 
negative  value  so  that  the  exchange  coupling  is  in  fact  work¬ 
ing  to  slightly  demagnetize  the  sample  at  fields>//(. .  This 
behavior  is  explained  by  considering  that  after  the  first  step  a 
large  proportion  of  the  grains  will  have  adopted  easy  direc¬ 
tions  of  magnetization  close  to  the  direction  of  Ha .  These 
will  be  able  to  fully  aligi.  with  Ha  by  reversible  mechanisms, 
leading  to  the  small  x\„  observed  on  the  initial  curve.  By 
contrast,  on  the  demagnetizing  curve  the  intergranular  inter¬ 
actions  will  be  working  to  maintain  a  high  value  of  M  until 
Ha  is  reached. 

The  time  dependence  of  M  is  much  smaller  in  magni¬ 
tude  everywhere  on  the  initial  curves  compared  with  the  de¬ 
magnetization  curves.  As  the  multidomain  grains  have  be¬ 
come  single-domain  grains,  by  means  of  almost  unimpeded 
domain  wall  motion,  they  will  have  preferentially  moved  to 
those  easy  directions  closest  to  the  direction  of  //„  so  that  the 
remaining  changes  in  M  as  M^  is  approached  may  occur 
mostly  by  reversible  processes.  Only  50%  of  the  fraction  of 
the  grains  which  began  as  single-domain  particles  will  be 
contributing  to  the  time  dependence  which  is  observed. 

These  results  give  no  reason  to  attribute  magnetic  hard¬ 
ening  in  melt-quenched  materials  to  a  different  mechanism 
from  that  for  sintered  materials.  Rather,  the  differences  in  the 
magnetization  curves  are  attributable  to  differences  in  the 
domain  structure  alone. 
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Crystal  structure  and  low-temperature  magnet* '  properties  of  melt-spun 
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Low-temperature  magnetic  properties  and  crystal  structures  of  melt-spun  Sm2Co7B3  compound 
were  characterized.  The  magnetic  measurements  in  the  temperature  range  77-450  K  indicated  that 
a  spin  reorientation  took  place  at  about  150-160  K.  A  huge  anisotropy  was  observed  {Ha=  135  kOe 
at  300  K,  725  kOe  at  77  K)  for  Sm2Co7B3,  although  the  magnetic  moment  is  rather  low.  The  crystal 
structure  of  the  Sm2Co7B3  compound  was  analyzed  in  detail  by  Rietveld  analysis  of  powder 
diffraction  for  the  first  time,  and  revealed  that  B(4/j)  atoms  are  not  placed  in  the  Sm(2e)  layer  but 
in  between  the  Sm(2e)  and  Co(6ii)  layers. 


I.  INTRODUCTION 

Recently,  the  R„+iCo3„+5B2„  («  =  1,  2, ...,<»)  type  com¬ 
pounds,  which  are  derivatives  of  the  RC05  type  (R=rare 
earth),  attracted  considerable  interest.*"^  All  the  previous 
studies  suggested  a  huge  magnetocr>'staliine  anisotropy  for 
R„+iCo3„+5B2„  compounds.  SmCo4B  (w  =  1)  was  reported^ 
to  show  an  anisotropy  field  of  906  kOe  at  4.2  K,  and 
Sm2Co7B3  («  =  3)  was  reported**  to  exhibit  an  anisotropy 
field  of  130  T  at  4.2  K.  Such  huge  anisotropies  used  to  be 
explained  in  terms  of  the  electrostatic  interaction  of  the  crys¬ 
tal  field.^’^’^  The  nature  of  the  electrostatic  field  effect  is  re¬ 
garded  to  be  associated  with  the  point  symmetry  of  the 
atomic  sites  in  the  underlying  crystal  structure.  However,  no 
study  was  reported  on  the  exact  crystal  structure  of  the 
R„+iCo3„+5B2„  compounds.  In  this  work  we  intend  to  refine 
the  crystal  structure  of  the  Sm2Co7B3  compound  by  using  an 
advanced  x-ray  powder  technique  (Rietveld  method)  for  a 
future  study  of  magnetocrystalline  anisotropy,  and  we  report 
low-temperature  magnetic  behavior  to  examine  their  applica¬ 
tion  as  a  permanent  magnet. 

II.  EXPERIMENT 

The  alloy  samples  of  Sm2Co7B3  composition  were  pre¬ 
pared  by  induction  melting  under  an  Ar  atmosphere  using 
99.95%  pure  raw  elements.  An  additional  10%  Sm  was 
added  to  compensate  for  the  loss  caused  by  Sm  evaporation 
during  melting.  The  cast  compound  was  homogenized  at 
1000  °C  for  50  h  to  obtain  single-phase  Sm2Co7B3 .  Further¬ 
more,  melt-spun  ribbons  of  identical  stoichiometry  were 
made  using  a  substrate  speed  of  12  m/s,  which  gave  a  single¬ 
phase  2-7-3  compound.  The  magnetic  measurements  were 
carried  out  using  cylinderical  powder  compacts  (<^=3  mm, 
L  =  10  mm),  which  were  magnetically  aligned  along  the 
axial  direction.  The  compact  was  prepared  by  bonding  par¬ 
ticles  of  an  average  32  /um  size  under  a  magnetic  field.  A 
Toei  vibrating  sample  magnetometer  was  used  to  examine 
the  low-temperature  magnetic  behavior  from  liquid-nitrogen 
temperature  up  to  400  °C,  and  a  Perkin-Elmer  thermomag- 
netic  analyzer  was  used  to  identify  the  magnetic  transforma¬ 
tion  up  to  the  Curie  point.  The  crystal  structural  simulation 
was  carried  out  by  refining  the  observed  x-ray  diffraction 
pattern  using  the  Rietveld  program.^'® 


III.  RESULTS  AND  DISCUSSION 
A.  X-ray  refinement  and  crystal  structure 

The  crystal  structure  of  Sm2Co7B3  was  identified  from 
both  the  cast  and  melt-spun  samples.  Figure  1  shows  the 
powder  diffraction  patterns  of  the  melt-spun  Sm2Fe7B3  com¬ 
pound  refined  by  using  rietan  program.  The  dots  refer  to  the 
observed  pattern  and  the  solid  line  is  the  calculated  fit.  The 
dotted  line  shown  at  the  bottom  of  figure  indicates  the  degree 
of  deviation  of  the  calculated  fit  from  the  observed  pattern. 
The  x-ray  refinements  for  both  cast  and  melt-spun  com¬ 
pounds  commonly  demonstrated  a  good  fit  to  the  PSImmm 
space  group  with  the  weighted  factor  R„p= 0.1 52  and  the 
integrated  intensity  factor  R/- 0.028.8.  The  determined  lat¬ 
tice  parameters  are  0  =  5.1087  A  and  c=  12.777  A,  which 
are  not  quite  the  same  as  those  reported  (a  =  5. 088  A, 
c= 12.79  A)  by  Ido,  Konno,  and  Ogada,**  who  used  a  cast 
sample.  The  structural  coordinates  of  the  refined  crystal  are 
tabulated  in  Table  I  and  the  simulated  model  is  plotted  in  Fig. 
2.  T\vo  formula  units  of  24  atoms  constitute  one  unit  cell.  As 
shown  in  Fig.  2,  Co  atoms  occupy  three  different  equivalent 
sites,  Co(2c),  Co(6/,).  and  €0(6/2)-  This  2-7-3  compound 
results  from  replacing  the  Co  atoms  on  the  plane  of  Sm(2e) 
sites  in  the  SmCos  crystal  structure  by  B(4/i)  atoms.  How¬ 
ever,  it  was  found  for  the  first  time  that  those  replaced  B(4/i) 
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FIG.  1.  Powder  diffraction  patterns  of  melt-spun  Sm2Co7B3.  The  dotted  line 
refe-s  to  the  observed  pattern  and  the  solid  line  is  the  calculated  fit.  The 
deviation  of  the  calculated  fit  from  the  observed  data  is  indicated  at  the 
bottom  of  the  figure. 
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TABLE  I.  Refined  structural  coordinates  of  atomic  sites  of  melt-spun 
Sm2Co7B3  compounds. 


Lattice 

parameter 

Sites 

Coordinates 

X 

y 

z 

0=5.1087  A 

Sm(la) 

0.0000 

0.0000 

0.0000 

c  =  12.770  A 

Sm(16) 

0.0000 

0.0000 

0.5000 

Sm(2e) 

0.0000 

0.0000 

0.2610 

P6lmmm 

Co(2c) 

0.3333 

0.6667 

0.0000 

Co(6i3) 

0.5000 

0.0000 

0.1596 

R„p=0.152 

€0(6/2) 

0.5000 

0.0000 

0.3857 

R, =0.028 

B(2</) 

0.3333 

0.6667 

0.5000 

B(4A) 

0.3333 

0.6667 

0.1990 

atoms  are  not  placed  exactly  on  the  Sm(2e)  layer  but  in 
between  layers  of  Sm(2e)  and  €0(612),  i.e.,  0.792  A  away 
from  the  Sm(2e)  layer,  while  other  B(2d)  atoms  substitute 
for  the  Co  atoms  of  identical  position  on  the  Sm(lb)  layer  in 
the  SmCo5  crystal. 

Unlike  SmCos,  the  interlayer  distance  r/2  between 
Sm(2e)  and  Co(6i2)  atoms  is  not  the  same  as  the  distance 
rij  between  the  €0(6/2)  ^^d  Sm(la)  layers  in  Sm2€o7B,. 
The  distances  r/j  and  d2  were  found  to  be  1.295  and  2.038  A, 
respectively.  Therefore  the  schematic  crystal  structure  which 
was  derived  merely  by  replacing  the  layer  of  €0  atoms  by  B 
atoms  of  Refs.  2  and  4  is  not  the  correct  one.  The  calculated 
interatomic  distances  of  the  refined  Sm2€o7B3  crystal  are 
tabulated  in  Table  II,  principly  regarding  the  hexagonal  cell 
in  Fig.  2. 

B.  Low'temperature  magnetic  properties 

Figure  3  shows  the  low-temperature  magnetic  properties 
of  melt-spun  Sm2€o7B3  measured  from  77  to  350  K.  The 
magnetic  moments  measured  along  directions  both  parallel 


Sm(1a)Q  Sm(1b)0  Sm(2e)^ 
Co(2c)  0  Co(6ii)g  Co(6i2)9 
B(2d)  e  B(4h)  • 


FIG.  2.  The  unit  cell  of  801200783  in  a  hexagonal  cell. 


TABLE  11.  Calculated  interatomic  distances  of  the  Sm2Co7B3  crystal  (see 
the  hexahedral  cell  in  Fig.  2). 


Atoms 

Distance  (A) 

Co(6/2)-Co(6/,);  c  axial 

2.8873 

Sm(2e)-Sm(lfl);  c  axial 

3.3330 

Sm(2e)-Sm(16);  c  axial 

3.0520 

0)(2c)-Co(6/i);  a,b,c  atoms 

4.4021 

Sm(2e)-Co(6/,);  a,c,d  atoms 

2.8638 

Sm(2e)-Co(6/));  b,d  atoms 

4.6099 

B(4/i)-Cc(6/i);  a,c,e  atoms 

15582 

B(4/i)-Co(6ij);  b,e  atoms 

3.9342 

B(4A)-Sm(2e);  d,e  atoms 

3.0539 

(||)  and  perpendicular  (J.)  to  the  axial  direction  vary  with 
temperature.  Both  the  saturation  and  residual  moments  mea¬ 
sured  along  the  parallel  direction  decrease  slowly  with  in¬ 
creasing  temperature  and  drop  at  about  225  K,  rising  again  at 
250  K  up  to  the  previous  moment  observed  at  225  K.  Sur¬ 
prisingly,  the  magnetization  curve  measured  along  the  per¬ 
pendicular  direction,  which  was  monotonically  flat  below 
225  K,  rises  abruptly  at  225  K.  The  moment  values  observed 
in  both  directions  tend  to  meet  each  other  at  about  350  K.  We 
tried  to  explain  this  behavior  in  connection  with  the  spin 
reorientation,  which  will  be  described  later.  The  coercivity  in 
the  parallel  direction  at  77  K  was  too  high  (perhaps  higher 
than  35  kOe)  to  be  measured  in  the  present  maximum  field, 
16  kOe.  It  decreases  rapidly  to  8  kOe  at  300  K. 

To  obtain  the  anisotropy  field  of  Sm2€o7B3,  a  field- 
oriented  compact  sample  was  prepared  using  the  single¬ 
crystal  powders  made  from  a  cast  compound.  At  300  K  an 
anisotropy  field  of  135  kOe  was  observed,  while  a  huge  an¬ 
isotropy  of  725  kOe  was  measured  at  77  K.  These  anisotropy 
fields  were  estimated  by  extrapolating  the  curve  through 
polynomial  fitting.  However,  the  experimentally  saturated 
magnetic  moment  by  the  field  of  16  kOe  at  300  K  was  only 
25  emu/g  although  the  coercivity  (,//,,)  observed  along  the 
perpendicular  direction  seemed  to  exceed  25  kOe.  One  can 
realize  that  both  the  anisotropy  field  and  coercivity  are  un- 


FIG.  3.  Magnetic  properties  of  melt-spun  Sm2Co7B3  as  a  function  of  tem¬ 
perature.  II  denotes  the  data  measured  along  the  direction  parallel  to  the 
aligned  axis,  and  i.  is  for  the  perpendicular  direction  to  the  aligned  axis. 
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TABLE  in.  Comparison  of  magnetic  properties  calculated  from  experimen- 
tal  data  for  Sm2Co7B3. 


iHc 

(kOe) 

Ms 

(emu/g) 

Tc 

(K) 

Magnetic  moment 

/Uj/f.u.  HalCo 

Ido  and  co-workers* 
(a=5.088  A, 
c=12.790  A) 

130  T 

275 

402 

3.68” 

0.30 

Present  work 
(a=5.1087  A, 
c= 12.777  A) 

725  kOe 

25 

25 

403 

3.195 

•References  4  and  9. 
"Tleference  9. 


dereslimated  due  to  the  weak  field  in  this  study  comparing 
with  that  Ido  and  co-workers, who  derived  the  values  from 
the  measurement  at  4.2  K  under  a  high  field  (30  T).  Table  III 
summarizes  the  calculated  average  magnetic  moment  per 
formula  unit,  /ifi/f.u.  A  moment  of  3.195  /i^/f.u.  was  ob¬ 
tained  in  the  present  work,  which  is  smaller  than  that  of  Refs. 
4  and  9.  Ido  and  co-workers'*'^  in  calculating  the  moment 
assumed  that  the  Sm  ion  moment  is  negligibly  small,  and  an 
incomplete  crystal  model  which  is  proved  to  be  erroneous  by 
our  study  was  used.  In  addition,  the  Co  atomic  moment  is 
largely  decreased  by  neighboring  B  atoms.’  Actually  this 
case  happened  between  the  Sm(2e)  and  B(4/i)  layers  shown 
in  Fig.  2. 

In  order  to  clarify  if  the  magnetic  anomaly  observed  in 
Fig.  3  is  a  symptom  of  spin  reorientation  or  not,  low- 
temperature  torque  curves  were  measured  from  77  to  300  K 
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FIG.  4.  Torque  curves  vs  rotation  angle  of  a  field-oriented  Sm2Co7B3  pow¬ 
der  compact  sample  measured  at  low  temperature. 


under  a  16-kOe  field  and  shown  in  Fig.  4.  The  sample  used 
was  a  cylindrical  powder  compact,  3  mm  diamXlO  mm 
length.  The  powders  of  under  32  fira  size  were  prepared 
from  a  cast  ingot  having  a  grain  size  larger  than  30  fim  and 
with  the  field  oriented  perpendicular  to  the  axial  direction  of 
the  sample  bonded  by  an  epoxy  resin.  The  torque  curves 
were  measured  by  placing  the  sample  with  its  axis  parallel  to 
rotational  axis,  which  is  perpendicular  to  the  field  direction. 
If  the  alignment  is  assumed  to  be  perfect,  the  easy  axis, 
[0001]  of  each  Sm2Co7B3  crystal,  makes  an  angle  8  with 
respect  to  the  magnetization.  The  magnetocrystalline  anisot¬ 
ropy  in  hexagonal  symmetry  is  expressed  as*’’** 

E=Ki  sin^  6+K2  sin'*  d+K^  sin'*  0  cos'*  <j)-\ — , 

where  (}>  is  the  angle  of  the  easy  axis  projected  onto  the 
crystallographic  plane  parallel  to  the  field  direction  and  per¬ 
pendicular  to  the  rotational  axis.  Since  the  sample  was  a 
multicrystalline  powder  compact,  the  last  term  of  the  right- 
hand  side  of  the  above  expression  will  be  disregarded.  The 
torque  SEIS6  measured  at  300-200  K  shown  in  Fig.  4  ex¬ 
hibits  a  typical  variation  according  to  the  above  equation.  At 
150-160  K  the  torque  curve  changes  its  periodicity,  but  the 
curve  returns  to  its  normal  shape  at  100  K  again.  Taking  into 
account  the  magnetization  behavior  in  Fig.  3  and  the  torque 
curves  in  Fig.  4,  one  can  realize  that  some  type  of  spin  re¬ 
orientation  takes  place  at  about  150-160  K.  An  ac  suscept- 
ability  measurement  also  suggests  the  spin  reorientation  at 
150-160  K.  For  such  an  imperfectly  field-aligned  condition, 
the  magnetocrystalline  anisotropy  energy  seems  to  be  equi- 
libriated  with  the  torque  exerted  by  the  external  field  at  in¬ 
stantaneous  moment:*’ 

SEIS0=2Ki  sin  0  cos  0+4K2  sin^  0  cos  0 

=HM{0)cos  0-HM s{\-p  sin^  0)cos  0, 

where  is  the  saturation  magnetization,  and  p  is  a  param¬ 
eter  indicating  the  degree  of  anisotropy,  [(M||c.  a„s) 
~  (A/ic  axis)]/^j  ■  Therefore  whether  the  observed  spin  re¬ 
orientation  would  be  due  to  the  anisotropy  change  from  axial 
to  plane  or  to  cone  is  not  clear,  and  its  determination  is 
beyond  the  scope  of  this  paper. 
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The  magnetic  characteristics  of  high-anisotropy  Sm(Coi_;jCu^)5  phases  are  determined 
experimentally  at  300  K  in  the  range  x<0.6.  The  saturation  magnetization  decreases  and 
vanishes  for  SmCo2Cu3.  Identical  behaviors  ofM^  and  Curie  temperature  Tq  versus  x  are  observed 
in  the  range  x<0.6.  For  significant  Cu  substitution  rate  (x>0.35),  the  decrease  of  the  anisotropy 
field  {H^)  when  x  increases  is  strong.  For  lower  Cu  contents,  huge  values  of  anisotropy  fields  make 
difficult  the  accurate  determination  of  the  substitution  eflfect.  The  first  anisotropy  constant  is 
calculated  using  the  available  values  of  and  .  A  linear  decrease  of  j  is  observed  from 
SmCos  to  SmCo2Cu3. 


I.  INTRODUCTION 

The  Sm-Co-based  permanent  magnets  of  the  2:17  type 
consist  of  a  network  of  fine  precipitates  based  on 
Sm(Co,Cu)5  distributed  in  a  matrix  based  on  Sra2(Co,Fe)jT. 
The  coercivity  of  these  magnets  is  related  to  the  exchange 
and  anisotropy  characteristics  of  the  constitutive  phases. 
Such  magnetic  properties  are  well  known  for  the  matrix 
Sm2(Co,Fe)j7  (Ref.  1)  but  are  rather  scarce  in  Sm(Co,Cu)5. 
The  phase  Sm(Coi.^Cu^)5  derives  from  the  substitution  for 
nonmagnetic  Cu  atoms  for  Co  in  the  hexagonal  compound 
SmCos  (CaCus  structure).^  Its  Curie  temperature  {Tq),  rather 
well  established,^'^  shows  the  regular  decrease  expected  for 
increasing  X.  The  few  data^"’  reported  for  its  saturation  mag¬ 
netization  exhibit  the  same  trend.  As  for  the  anisotropy, 
SmCos  is  characterized  by  a  giant  axial  magnetocrystalline 
anisotropy*  that  results  from  the  dominant  contribution  of 
Sm.  The  same  feature  can  be  predicted  in  the  Co-rich 
Sm(Co,Cu)5  phases.  The  experimental  results  published  are 
only  for  x=0,3,^  0.48,*  and  O.6.*  The  very  high  value  of 
anisotropy  field  reported  for  x=0.3,  higher  than  of 
SmCos,’  questions  the  possible  evolution  of  with  x.  The 
purpose  of  the  present  work  is  first  to  determine  by  experi¬ 
mentation  at  room  temperature  the  evolution  of  Af^  and  //^ 
for  Sm(Co,  _^Cu^)5  in  the  x  range  0-0.6,  then  to  evaluate  the 
constants  of  exchange  (A)  and  anisotropy  (/fj)  using  the 
available  data  of  Tc,  Af,,  and  //^ . 

II.  EXPERIMENT 

Most  of  the  measurements  of  magnetization  were  ef¬ 
fected  at  300  K  using  the  axial  extraction  technique,  in  ex¬ 
ternal  fields  //e„,  up  to  7  T.  Only  the  specimen 
Sm(Coo6Cuo,4)5  was  studied  in  up  to  15  T  The  satura¬ 
tion  magnetization  M,  was  deduced  from  measurements  on 
powders.  The  anisotropy  fields  //^  were  obtained  by  compar¬ 
ing  the  magnetization  curves  of  single  crystals  with  the  ap¬ 
plied  field  oriented  parallel  to  the  basal  plane  and  parallel  to 
the  c  axis.  Most  of  the  studied  specimens  were  obtained  from 
alloys  prepared  by  induction  or  arc  melting  in  purified  argon 
atmosphere.  The  starting  materials  were  pieces  of  electrolytic 


Co  and  Cu,  99.99%,  and  of  Sm,  99.9%.  Some  Sm  excess  was 
added  to  balance  the  Sm  losses  by  evaporation  and  oxidiza¬ 
tion.  The  cast  alloys  were  annealed  at  1100  °C  for  10  h  and 
quenched.  At  the  annealed  state,  the  samples  were  character¬ 
ized  by  standard  optical  metallography,  electron  probe  mi¬ 
croanalysis  (EPMA),  and  x-ray  diffraction  by  the  Debye- 
Scherrer  method.  All  the  specimens  were  checked  to  be 
single  phase  with  homogeneous  composition  and  presenting 
the  CaCus-type  structure.  When  possible,  single  crystals 
were  extracted  from  these  polycrystalline  materials.  In  other 
cases,  powders  were  prepared  by  crushing.  Several  attempts 
were  carried  out  to  prepare  single  crystals  using  the  Bridg¬ 
man  method  in  boron  nitride  cntcibles.  The  EPMA  charac¬ 
terization  of  the  specimens  often  detected  small  amounts  of 
precipitates  with  compositions  Sm2Co7B3  and  Sm3CoiiB4. 
The  crystal  structure  of  these  compounds  presents  the  same 
symmetry  and  space  group  as  SmCo5  and  appears  in  coher¬ 
ency  with  the  Sm(Co,Cu)5  matrix.  For  this  reason,  only  the 
less  contaminated  of  the  prepared  specimens  could  be  used 
for  the  measurements. 


III.  RESULTS 

Concerning  the  saturation  magnetization,  the  experimen¬ 
tal  results,  consistent  with  the  few  published  results,  enable  a 
plot  of  the  variation  of  with  x  at  300  K.  The  experimental 
curve  compares  to  the  evolution  predicted  using  the 
Jaccarino-Walker  model*  (Fig.  1).  In  this  model,  the  mag¬ 
netic  moment  is  assumed  identical  to  that  in  the  binary 
SmCo5  phase  when  one  Co  atom  is  surrounded  by  «  Co 
neighbors.  In  the  CaCuj  structure,  the  Co  atoms  are  located 
on  the  g  sites  (three)  and  c  sites  (two).  Each  Co  atom  is 
surrounded,  respectively,  by  eight  and  nine  Co  neighbors. 
The  random  Cu  for  Co  substitution  is  assumed.  The  best  fit  is 
obtained  for  five  Co  neighbors.  It  can  be  noted  that  for 
x<0.6  the  variation  of  the  Curie  temperature  given  by  the 
literature  data^'*  follows  the  same  behaviour  as  Af^  (Fig.  2). 
Moreover,  the  two  curves  Af/x)  and  Tc(x)  are  homotetic 
for  the  low  Cu  contents  (x<0.5)  that  have  been  earlier  ob- 
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FIG.  1.  X  dependence  at  300  K  of  the  saturation  magnetization  M,  in  the 
Sm(Coi  -,Cu,)5  phases  O,  experimental  data;  ■  Ref.  5,  ♦  Ref.  6,  A  Ref. 
7;  •  Ref.  10.  Dashed  line:  simulated  variation  using  the  Jaccarino- Walker 
model  (five  neighbors). 

served  in  the  system  Y(Co,Ni)5.^  The  phases 
Sm(Coi_;,Cu^)5  are  not  ferromagnetic  at  room  temperature 
for  a:>0.65. 

Concerning  the  anisotropy,  the  curves  plotted  in  the  hard 
direction  did  not  show  any  departure  from  the  linear  increase 
of  M  vs  Whatever  the  studied  compositions,  the 
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FIG  2.  Cune  temperature  of  Sm(Co,  -,Cu^)5  as  a  function  of  x.  •  Ref. 
3;  A  Ref.  4;  ■  Ref.  5;  0  Ref.  6. 
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FIG.  3.  Anisotropy  field  at  300  K  of  Sm(CO|  _,Cu,)5  phases.  O  experi¬ 
mental  data;  ■  Ref.  S;  4  Ref.  6;  ▲  Ref.  7;  #  Ref.  10. 


samples  never  reached  the  saturation.  Consequently  the  an¬ 
isotropy  fields  were  determined  by  extrapolation,  which  in¬ 
volves  some  uncertainty.  The  values  obtained  for  x=0.4 
(23.4  MA  m“')  and  x:=0.48  (17.3  MA  m"')  are  very  consis¬ 
tent  with  the  result  given  by  Nagel®  for  jr=0.48  (15.9 
MAm“‘).  Concerning  the  lower  Cu  contents,  the  extrapo¬ 
lated  value  for  a:=0.24  (32.7  MAra”*)  is  lower  than  that 
given  by  Uehara’  for  at =0.3  (37  MA  m”').  Taking  into  ac¬ 
count  the  limited  precision  of  the  determination,  the  discrep¬ 
ancy  between  these  two  values  is  rather  slight.  Much  higher 
differences  characterize  the  anisotropy  fields  published  for 
SmCos,  31.7  (Ref.  7)  and  41  (Ref.  10)  MAm"‘.  The  avail¬ 
able  data  of  anisotropy  are  used  to  plot  the  evolution  of 
vs  X  (Fig.  3).  For  x  above  0.35,  the  accuracy  of  the  results  is 
sufficient  to  evidence  that  the  Cu  for  Co  substitution  induces 
a  strong  decrease  of  the  anisotropy  field  in  SmCos .  For  the 
lower  substitution  rates,  the  rather  scattered  results  do  not 
enable  one  to  state  if  Cu  produces  a  smooth  decrease  or  an 
unexpected  change  as  suggested  by  the  Uehara’  results.  Us¬ 
ing  the  available  data  of  and  A/j ,  the  first  anisotropy 
constant  =  was  calculated.  The  corresponding 

curve  Ki=f{x)  (Fig.  4)  shows  a  linear  decrease  at  3(X)  K 
from  AC =0.2  to  0.6.  A  similar  decrease  is  observed  in 
Y(Co,Ni)5  (Ref.  9)  compounds.  In  the  Sm(Co,Cu)5  com¬ 
pound,  the  contribution  of  Sm  to  She  anisotropy  is  the  domi¬ 
nant  one.  It  should  vary  with  the  Cu  content,  which  should 
induce  a  change  in  the  crystalline  electric  field  and  exchange 
field  acting  on  the  Sm®^  ion.  Assuming  that  the  colinearity  of 
the  magnetic  configuration  is  maintained  in  an  external  field 
applied  in  the  hard  direction,  the  linear  variation  of  Ki  sug¬ 
gests  that  the  Sm  contribution  to  the  magnetocrystalline  an¬ 
isotropy  also  varies  linearly  with  ac. 
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SmCOj  X  _ ^  SmCUj 

FIG.  4.  Anisotropy  constant  X,  at  300  K  and  exchange  constant  A  varia¬ 
tions  vsx  in  Sm(Coi-;cCU;i)5.  O  experimental  data;  ■  Ref.  5;  4  Ref.  6;  A 
Ref.  7;  •  Ref.  10. 

A  rough  approximation  of  the  exchange  constant  A  was 
attempted  from  the  expression  A  =  where  ^  is  the 

shorter  distance  between  two  Co  atoms  and  assumed  to  be 
0.3  nm  (Fig.  4).  Using  the  values  of  A  and  the  Bloch 
wall  energy  y  in  Sm(Coi  -^Cu^)5  can  be  evaluated  using  the 
expression  y  =  4 sjAKi.  For  the  pinning  precipitates  in  the 
permanent  magnets  of  the  2:17  type,  the  composition  of 


which  is  about  Sm(Coo7Cuo.3)5,  the  y  value  is  around 
32X10”^  Jm'2. 

Despite  the  large  interest  devoted  to  the  Sm(Coi_;tCU;()5 
phases  in  the  past,  their  intrinsic  magnetic  properties  had  not 
been  extensively  studied.  This  could  be  explained  by  two 
facts:  the  preparation  of  strictly  homogeneo»:s  single-phase 
specimens  is  difficult  and  the  huge  magnetocrystalline  an¬ 
isotropy  cannot  be  easily  characterized.  The  present  results, 
obtained  on  well-controlled  materials,  give  a  precise  deter¬ 
mination  of  the  strong  decrease  of  the  saturation  magnetiza¬ 
tion  produced  by  Cu.  They  display  a  lower  than  expected 
decrease  of  the  anisotropy  field  due  to  Cu.  For  this  reason, 
only  the  anisotropy  of  the  phases  with  a  significant  Cu  con¬ 
tent  (x>0.35)  could  be  accurately  characterized.  The  ob¬ 
tained  data,  complemented  by  the  literature  results,  lead  to 
the  calculation  of  the  exchange  and  anisotropy  constants  re¬ 
quired  to  evaluate  the  domain  wall  energies  of  the  1:5  pre¬ 
cipitates  involved  in  the  permanent  magnets  of  2:17  type. 
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The  magnetic  properties  of  SmCo  (2: 17-type)  magnets  with  high  contents  of  Fe  (v  =  Fe/3</>0.34) 
and/or  light  rare  earths  (up  to  0.4)  were  investigated.  For  magnets  with  compositions  of 
Sm(Fe„CObaiZro.o2Cuo.o6{Ga};,)7.72,  u  =  0.35,  x=0-0.06,  both  ,f/c  and  can  be  improved 

significantly  by  Ga  doping,  from  1.0  kOe  and  5.4  MG  Oe  for  jc=0  to  6.4  kOe  and  15.4  MG  Oe  for 
ac=0.06.  For  magnets  with  compositions  of  Smo,8Pro.2(Fe„COba|Zroo2Cuoo6)7.67>  u  =  0.30-0.31, 

,//(,  can  be  increased  strikingly  by  a  special  heat  treatment,  from  2.5  to  over  20  kOe  for  u  =  0 . 3  0  and 
from  0.5  to  15.5  kOe  for  u  =  0.31.  Examining  magnets  with  compositions  of 
■Smo.59Pro,4i(Coo.s8Feo,2oCuo.ioZroo2)z  (z= 6.68-7.75)  shows  two  stages  of  the  magnetization 
reversal  process  in  the  range  of  5.5  to  9.5  kOe  and  16  to  19  kOe.  Observed  (B//)max  ranged  from 
17  to  22.5  MG  Oe. 


i.  INTRODUCTION 

Recent  progress  in  improving  performance  of  2: 17-type 
permanent  magnets  has  been  reviewed  by  Ray  and  Liu.* 
These  magnets  are  particularly  valuable  because  of  their  high 
Curie  temperature,  low  temperature  coefficients  of  rema- 
nence  B,,  and  {BH),^^,  compared  to  SmCos  and  NdFeB 
magnets.  Except  for  unconfirmed  reports  from  Russian 
workers  {vide  infra),  the  highest  achieved  energy  products 
are  32-34  MG  Oe.*'^  These  are  much  less  than  that  of  Nd¬ 
FeB  magnets*  and  are  very  much  less  than  the  theoretical 
energy  product  of  Sm2(Co,Fe)i7i  60  MGOe.  One  can,  of 
course,  raise  (5//)niax  by  increasing  B,  and  ,//<. .  The  satu¬ 
ration  magnetization  of  Sm2Coi7  is  easily  increased  by  re¬ 
placing  Co  with  Fe  or  Sm  by  Pr.  This  improvement  comes, 
however,  at  the  expense  of  coercivity.  These  dopants  alone 
effect  no  improvement  in  energy  product.  In  the  present 
study  A1  and  Ga  are  used  as  additional  dopants,  hopefully  to 
preserve  the  rise  in  magnetization  in  Fe-enriched  and  light- 
rare-earth  (LRF)-doped  magnets  without  loss  of  coercivity. 
Ga  doping  is  particularly  effective  in  this  respect. 


II.  EXPERIMENT 

Alloys  were  prepared  by  induction  melting.  The  ingots 
were  crushed  and  then  ball  milled  to  3-5  /urn  average  size. 
They  were  aligned  in  a  170-kOe  field  and  then  isostatically 
pressed  at  3  tons/cm^.  The  green  compacts  were  then  sintered 
under  Ar  at  1190-1200  °C  for  1  h,  followed  by  a  solid  solu¬ 
tion  treatment  at  1130-1150  °C  for  1-10  h  and  then 
quenched  to  room  temperature  in  flowing  helium.  The  sin¬ 
tered  compacts  were  then  heated  to  800-850  °C  for  24-50 
h,  followed  by  slow  cooling  to  400  "C  at  a  rate  of  —0.8  °C/ 
min  and  then  quenched  to  room  temperature.  The  sintered 
compacts  were  magnetized  in  a  170-kOe  field.  The  various 
magnetic  properties  were  obtained  by  techniques  that  are 
standard  in  this  laboratory.  BH  loops  were  traced  with  a 
Walker  Hysteresograph.  X-ray  diffraction  (XRD)  informa¬ 
tion  was  obtained  using  Ct  K a  radiation. 


III.  RESULTS  AND  DISCUSSION 

A.  Al,  Ga  substitution  In  magnets  of  high  Fe  content 

Listed  in  Tables  1  and  II  are  the  compositions  of  samples 
1-5  and  their  grain  size  and  hard  magnetic  properties.  Com¬ 
paring  Ga-  and  Al-free  samples  1  and  2,  when  the  Fe  content, 
designated  v,  increases  from  0.32  to  0.35,  decreases  from 
58  to  42  kOe,  and  the  grain  size  becomes  much  smaller.  The 
average  grain  size  decreases  from  54  to  26  /im.  Sample  1 
shows  excellent  hard  magnetic  properties  ,7/^  =17  kOe, 
(Bi/)n,jx=31.7  MG  Oe,  as  well  as  a  large  grain  size  and  a 
fine  cellular  structure.  However,  ^”6  (B//)max  sharply 
diminished  to  1.0  kOe  and  5.4  MG  Oe  for  sample  2.  When 
doping  with  a  small  amount  of  Ga  in  sample  2  of  high  Fe 
content,  u  =  0.35,  increased  from  42  to  53  kOe,  and  the 
grain  size  grows  significantly  (average  grain  size  d=33 
^m).  For  this  sample,  ,Hc  and  (BH)^^  increase  to  6.4  kOe 
and  15.4  MGOe,  respectively  (sample  3).  In  contrast,  Al 
doping  (sample  4)  does  not  change  the  microstructure.  It 
retains  a  small  grain  size  (21  /rm),  smaller  than  the  Al-free 
sample.  Even  though  increases  from  42  to  49  kOe,  it 
exhibits  poor  properties:  ,7/^  =  0.8  kOe  and  (B7/)n,ax“4.0 
MG  Oe. 

If  Zr  and  Cu  are  omitted  and  only  doping  by  Ga  is  in¬ 
volved  (sample  5),  no  hard  magnetic  properties  develop, 
even  though  7/^  was  increased  as  much  as  was  produced  by 
the  substitution  of  Ga.  This  indicates  that  obtaining  accept¬ 
able  coercivity  by  Ga  substitution  in  2: 17-type  magnets  still 
requires  Zr  and  Cu.  Apparently  t!  ey  are  needed  to  form  the 
critical  cellular  structure.  Ga  is  a  low-melting  element;  when 
it  is  inserted  into  the  materials  it  may  increase  the  fluidity 
and  wettability  of  boundary  liquid  phases  during  the  sinter¬ 
ing  process,  enabling  larger  grains  to  be  formed  and  thus 
enhancing  ,7/^. . 

B.  2:17  magnets  with  substitution  of  Pr  for  Sm 
1.  Pr-substltuted  2:17  magnets 

A  number  of  magnets  represented  by  the  formula 
Sm,_^Pr^(Fe„CObaiCuoo6Zro.o2)7.67.  Jc=0-0.4,  u  =  0.28- 
0.31,  were  fabricated  with  y  =  0.28.  The  magnetic  proper¬ 
ties  of  these  magnets  and  their  corresponding  alloys  are 
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TABLE  I.  Compositions  of  Sm(Fe, Co, Cu^, 03)7.72  magnets. 


Sample  no. 

1 

2 

3 

4 

5 

Sm(Feoj2Cuo  giCog  60)7.72 

Sm(Fe|)j5Cuo  o6Zro  02^00^7)7.72 
SmCFeojsCUflosZro  o2Gao  06^0051)7.72 
Sm(Feo  35CU0  oo^rn  02AI0  osCoojs)’  72 
Sm(Feo35Gao  06^0059)7.72 

TABLE  11.  Magnetic  properties  of  Sm(Fe,Co,Cu,Al,Ga)7  72  magnets. 

Br 

.He 

No. 

(kG) 

(kOe) 

(MG  Oe) 

1 

12.1 

17.0 

31.7 

2 

11.8 

1.0 

5.4 

3 

10.3 

6.4 

15.4 

4 

9.7 

0.8 

4.0 

5 

11.7 

<100  Oe 

Alloys 

Average  grain 

No. 

M,  (emu/g)* 

(kOe)'  T,  (-C) 

diameter  (/xm) 

1 

115.0 

58.0  778 

54 

2 

115.3 

42.5  774 

26 

3 

104.0 

53.0  697 

33 

4 

98.0 

49.0  707 

21 

5 

118.5 

49.0  722 

30 

'Measured  at  room  temperature. 


T/’iBLE  III.  Magnetic  properties  of  Smi_,Pr,(Coo64FeoMCuoo6Zroo2)7 67- 


B, 

.He 

(BH)^^ 

X 

(kG) 

(kOe) 

(MG  Oe) 

0 

11.5 

22.0 

28.0 

0.1 

11.6 

19.5 

28.4 

0.2 

11.9 

15.5 

29.8 

0.3 

12.2 

2,4 

9,3 

0.4 

12,4 

<0.5 

H, 

Alloys 

X 

(kOe) 

Af(emu/g) 

ffa  (kOe) 

0 

6.5 

107 

64 

0.1 

5.5 

112 

62 

0.2 

5.5 

114 

59 

0.3 

116 

55 

0.4 

117 

34 

TABLE  IV.  Magnetic  Properties  of  Sni(,8Pro2(CobjiFe„Cu(,o4Zro(n)7(|7. 


Sintenng 

Solid  solution 

Treatment 

No. 

V 

i'C) 

T(X) 

<(h) 

1 

0.3 

1200 

1130 

9 

2 

0.3 

1200 

'150 

3 

3 

0.31 

1190 

1130 

9 

4 

0.31 

1190 

1130 

9 

5 

0.31 

1200 

1150 

8 

Isothermal 

Treat 

.He 

No. 

riT) 

t(h) 

(kOc) 

(MG  Oe) 

1 

840 

24 

>20 

260 

2 

840 

24 

2.5 

3 

840 

24 

15.5 

24.0 

4 

820 

24 

3.5 

5 

840 

24 

<0.5 

TABLE  V.  Magnetic  properties  of  Smo5,Pro4i(Coo68Feo2oCuoioZroo2)z . 


Br 

fle 

No. 

z 

(kG) 

(icOe) 

1 

6.68 

9.1 

2.6 

2 

7.00 

10.5 

11.5 

3 

7.30 

10.6 

18.8,~9.5 

4 

7.50 

10.8 

18.2,~7.5 

5 

7.75 

11.3 

16.0,~5.5 

{BH)„^ 

(MG  Oe) 

Alloys 

No. 

Af(emu/g) 

H„(kOe) 

1 

9.08 

102.0 

67.0 

2 

21.0 

103.5 

64.0 

3 

22.5 

106.0 

62.0 

4 

18.5 

107.5 

59,0 

5 

16.8 

109.0 

57.0 

listed  in  Table  III.  When  20%  of  Sm  is  replaced  by  Pr, 
and  increase  from  11.5  kG  and  28.0  MG  Oe  to  11.9 

kG  and  29.8  MG  Oe,  respectively.  This  result  is  similar  to 
that  reported  by  Liu  and  Ray.^  With  increasing  Pr,  the  mo¬ 
ments  {Br  and  M)  increase,  as  Pr  has  higher  magnetic  mo¬ 
ment  than  Sm,  and  decreases,  since  the  Pr  sublattice 
prefers  planar  anisotropy  in  Pr2(Co,Fe)i7  compounds.  As  can 
be  seen  in  Table  III,  the  drops  even  more  sharply  than 

.  When  the  Pr  content  x  increases  to  40%,  the  ,Hc  drops 
to  500  Oe. 

It  is  to  be  noted  that  further  increase  of  Fe  content  for 
these  compositions  will  result  in  a  deterioration  of  all  perma¬ 
nent  magnetic  properties,^  especially  in  ,//<. .  In  our  studies 
for  magnets  corresponding  to  jc  =  0.2  and  for  which  the  Fe 
content  is  increased  to  0.30-0.31,  the  magnetic  properties, 
especially  ,7/^ ,  can  be  improved  significantly  by  optimizing 
the  solutionizing  and  aging  heat  treatment.  Results  shown  in 
Table  IV  show  the  effects  of  different  heat  treatment  condi¬ 
tions  on  the  magnetic  properties  of  the 
Sm(,.8Pro.2(CObaiFe„Cuoo6Zro,p2)7.67  (v  =  0.30,  0.31)  magnets. 
For  u  =  0.30,  the  ,//j.  can  be  dramatically  increased  from  2.5 
kOe  (sample  2)  to  20  kOe  (sample  1)  by  changing  the  solid 
solution  treatment  from  at  1150  °C  for  3  h  to  1130  °C  for  9  h. 
For  the  magnet  of  y  =  0.31,  no  hard  magnetic  properties 
were  developed  when  sintered  at  1200  ®C  (sample  5).  ,-//(. 
can  be  developed  and  increased  from  3.5  kOe  (sample  4)  to 
15.5  kOe  (sample  3),  if  sintered  at  a  lower  temperature 
1190  °C  and  isothermally  treated  at  a  higher  temperature 
840  "C.  The  basic  principles  which  form  the  foundation  of 
these  considerations  are  contained  in  investigations  and  find¬ 
ings  of  numerous  investigators.* 

2.  Effect  of  variation  of  rare-earth  content 

Ivanova  etal.,^  working  with  a  pseudo-single-crystal 
specimen,  reported  some  rather  interesting  magnetic  proper¬ 
ties:  47rAf=1.24  T,  =  896  kA/m,  and  (BH)^^=28S 
kJ/ra^  for  a  magnet  of  composition 
Smo59Pro4i(Coo,68Feo2oCuo.ioZro.o2)z  with  2  =  6.68.  Follow¬ 
ing  up  on  this  interesting  study,  a  number  of  magnets  with 
variation  of  z  from  6.68  to  7.75  were  fabricated.  Listed  in 
Table  V  are  their  magnetic  properties.  The  demagnetization 
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FIG.  1.  AttM  vs  H  for  samples  1,2, 3, 4,  and  5. 


curves  for  the  samples  are  shown  in  Fig.  1.  The  curves  for 
samples  1  and  2  differ  from  those  of  samples  3,  4,  and  5  in 
that  demagnetization  occurs  in  only  one  stage.  Microstruc¬ 
ture  for  samples  1  and  3  are  shown  in  Figs.  2  and  3. 

All  these  magnets  exhibit  reasonably  good  hard  mag¬ 
netic  properties.  In  particular,  when  2>7,  B,=  10.5-11.3 
kG,  iH,  =  11.5-18.8  kOe  and  (BH) ^^=l6.S-22.5 
MGOe.  For  sample  1,  z=6.68,  the  composition  is  much 
deviated  from  the  stoichiometric  composition  of  2:17  com¬ 
pound,  and  a  significant  amount  of  1:5  phase  was  retained  in 
the  magnet,  as  clearly  indicated  by  XRD.  Only  a  small 
amount  of  the  1:5  phase  is  needed  to  form  the  cellular  struc¬ 
ture  needed  for  domain  wall  pinning;  the  rest  will  separate 
from  the  2:17  phase.  As  seen  in  Fig.  2,  only  in  some  parts  of 


20 

FIG  2.  Microstniclure  of  sample  1  (z=6  68). 


20  |im 


FIG.  3.  Microstructure  of  sample  3  (z=7.30). 

the  magnet  was  a  cellular  structure  formed.  It  exhibits  a 
lower  ,f/(.  of  2.6  kOe. 

As  z  increases  from  6.68  to  7.30,  the  1:5  phase  decreases 
(as  evidenced  by  XRD)  and  the  cellular  structure  develops 
more  completely  (see  Fig.  3).  As  a  consequence,  ,7/^  in¬ 
creases  from  2.6  to  18.8  kOe  and  increases  from  9.1 

to  22.5  MG  Oe. 

For  sample  3,  z=1.30,  the  demagnetization  curve 
seems  to  exhibit  two  stages  of  the  magnetization  reversal 
process,  a  lower  one  at  ~9.5  kOe  and  a  higher  one  at  ~18.8 
kOe  (see  Figs.  1  and  2).  They  both  can  be  ascribed  to  a 
mechanism  of  domain  wall  pinning,  but  with  different  pin¬ 
ning  centers.  We  surmise  that  the  lower corresponds  to 
the  reversal  process  when  the  PrCos-type  phase  acts  as  a 
pinning  center,  and  the  higher  ,Hc  for  the  SmCos-type  phase 
as  a  pinning  center,  since  the  of  SmCoj  (210  kOe)  is 
much  higher  than  that  of  PrCos  (145  kOe).®  When  z  further 
increases  from  7.30  to  7.75,  the  magnetic  behavior  of 
samples  4  and  5  are  similar  to  that  of  sample  3. 

ACKNOWLEDGMENT 

This  work  was  supported  by  a  grant  from  the  U.S.  Army 
Research  Office. 

'a.  E.  Ray  and  S.  Liu,  J.  Mater.  Engr.  Perforin.  1,  183  (1992). 

^S.  Uu  and  A.  E.  Ray,  IEEE  Trans.  Magn.  MAG-25,  3785  (1989). 

*S.  Liu,  A.  E.  Ray,  and  H.  F.  Mildrum,  IEEE  Trans.  Magn.  MAG-26,  1382 
(1990). 

^S.  Liu,  A.  E.  Ray,  C.  H.  Chen,  and  H.  F.  Mildrum,  J.  Appl.  Phys.  69,  5853 
(1991). 

*M.  Q.  Huang,  Y.  Zheng,  J.  G.  Sohn,  J.  M.  Elbicki,  W.  E.  Wallace,  and  S. 
G.  Sankar,  m  Proceedings  of  the  11th  International  Workshop  on  Rare 
Earth  Magnets  and  Their  Applications,  edited  by  S.  G.  Sankar.  Vol.  1,  p 
457,  1990. 

‘M.  Sagawa,  S.  Hirosawa,  H.  Yamamoto,  S.  Fujimura,  and  Y.  Matsuura, 
Jpn.  J.  Appl.  Phys,  26,  785  (1987). 

’G.  V.  Ivanova,  A.  G  Popov,  L.  M.  Magat,  V.  G.  Maykov,  T.  Z.  Puzanova, 
Y.  S.  Shur,  and  N.  V.  Nikolayeva,  Phys.  Met.  Metall.  59,  64  (1985). 

*W.  A.  J  J.  Velge  and  K,  H.  J.  Buscho,  J.  Appl.  Phys.  39,  3, 1717  (1968). 


6?82  J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Huang,  Zheng,  and  Wallace 


Effect  of  Dy  substitution  on  the  magnetocrystailine  anisotropy  of  GdCo4B 

T.  Ito,  H.  Asano,  and  H.  Ido 

Department  of  Applied  Physics,  Tohoku  Gakuin  University,  Tagajo  985,  Japan 

G.  Kido 

Institute  for  Material  Research,  Tohoku  University,  Sendai  980,  Japan 

X-ray  diffraction  and  magnetization  measu  ements  have  been  performed  for  powdered  and 
field-oriented  samples  of  Gdi_;cDy;tCo4B  with  jc=0,  0.05,  0.1,  and  0.2.  It  has  been  found  that 
Gdj_;fDy^Co4B  with  =0.2  has  a  planar  magnetic  anisotropy  in  the  temperature  region  below  room 
temperature;  however,  the  samples  with  x=0.05  and  a:=0.1  have  an  axial  magnetic  anisotropy  at 
room  temperature  and  transform  to  a  tilted  state  in  the  low-temperature  region.  By  analyzing 
magnetization  curves  measured  in  a  pulsed  field  up  to  140  kOe  at  7=4  K  and  also  in  a  static  field 
up  to  12  kOe  at  78  K  for  the  field-oriented  samples  with  x=0.05  and  x=0.1,  approximate  values  of 
magnetic  anisotropy  constants  of  a  Dy  ion  in  Gdi_;(Dyj.Co4B,  Xi(Dy)  and  X2(Dy),  have  been 
determined  to  be  -2.1X10~*‘'  erg/Dy  and  1.3X10“*'*  erg/Dy,  respectively.  By  comparing  these 
values  with  those  of  DyCos  2,  it  is  found  that  X2(Dy)  in  the  CeCo4B-type  structure  is  enhanced  in 
one  order  by  the  crystallographic  change  from  the  CaCus-  to  the  CeCo4B-type  structure. 


i.  INTRODUCTION 

RC04B  (R=rare  earth)  compounds  have  hexagonal 
CeCo4B-type  structure,'  which  is  derived  fi-om  the 
CaCu5-type  structure  by  replacing  the  2c-site  Co  atoms  by  B 
atoms.  In  our  previous  work,^  we  studied  the  magnetic  prop¬ 
erties  of  GdCo4B  and  found  that  the  Gd-sublattice  niagnetic 
anisotropy  is  well  explained  by  the  magnetic  anisotropy  due 
to  the  dipole-dipole  interaction.  Since  the  magnetic  anisot¬ 
ropy  of  DyCo4B  has  been  known  to  be  planar  at  room 
temperature,^  it  is  impossible  to  make  a  field-oriented 
sample.  The  magnetic  anisotropy  of  GdCo4B  has  been  clari¬ 
fied,  so  in  this  work,  Gdj  _^Dy;tCo4B  compounds  are  pre¬ 
pared  and  the  magnetization  curves  for  field-oriented 
samples  have  been  measured  to  study  the  Dy  contribution  to 
the  magnetic  anisotropy  in  these  compounds. 

II.  SPECIMENS  AND  CRYSTAL  STRUCTURE 

Ingots  of  Gd,  _^Dy^Co4B  were  prepared  by  melting  raw 
materials  of  99.9%  purity  in  an  arc  furnace.  The  melting  was 
repeated  several  times  to  homogenize  the  ingots  which  are 
then  annpaled  at  800  °C  for  2  days.  The  crystal  structure  has 
been  confirmed  by  x-ray  diffraction  to  be  the  CeCo4B-type 
structure.  The  field-oriented  sample  was  prepared  by  solidi¬ 
fying  the  mixture  of  epoxy  resin  and  the  powdered  specimen 
(<32  /im)  in  the  magnetic  field  of  20  kOe  at  room  tempera¬ 
ture.  The  x-ray  diffraction  pattern  for  the  field-oriented 
Gdo95Dyo  o5Co4B  is  shown  in  Fig.  1,  which  shows  that  the 
sample  has  an  axial  magnetic  anisotropy  at  room  tempera¬ 
ture. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

From  the  results  of  x-ray  diffraction  and  magnetization 
measurements  for  the  field-oriented  samples  of 
Gd]  _^Dy^Co4B,  it  has  been  found  that  Gdj  __tDy^Co4B  with 
a: =0.2  has  a  planar  magnetic  anisotropy  in  the  temperature 
region  below  room  temperature;  however,  the  samples  with 
x=0.05  and  a: =0.1  have  an  axial  anisotropy  at  room  tem¬ 
perature  and  transform  to  a  tilted  state  in  the  low-temperature 


region.  Magnetization  curves  for  the  field-oriented  samples 
with  a:=0,  0.05,  and  0.1  at  78  K  are  shown  in  Fig.  2.  It  is 
seen  that  the  substitution  of  Dy  for  Gd  in  GdCo4B  has  a 
significant  effect  in  the  magnetic  anisotropy.  Only  5%  sub¬ 
stitution  of  Dy  changes  the  axial  anisotropy  of  GdCo4B  to 
the  planar  or  tilted  one.  To  estimate  the  magnetic  anisotropy 
constants  Xj  and  K2,  the  magnetization  curves  in  Fig.  2  have 
been  analyzed  on  the  basis  of  Eq.  (1)  which  takes  the  mag¬ 
netic  anisotropy  energy  including  Xj  and  K2  and  the  Zeeman 
energy: 

H=AM^+BM,  (1) 

where  H  is  the  external  magnetic  field  and  M  is  the  magne¬ 
tization  component  parallel  to  H  direction.  The  coefficients 
A  and  B  are  expressed  as  follows: 

A=AK2lMl 

and 

_\-2{Ki-V2K2)IM]  for //lie, 

for //Ic.  ® 


20  (deg) 


FIG.  1.  X-ray  diffraction  pattam  for  the  field-oriented  sample  of 

Gdo95Dyoo5Co4B 
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FIG.  2.  Magnetization  curves  for  the  field-oriented  samples  of 
Gdj.jDyjtCo^B  at  7'=78  K.  The  c  in  this  figure  means  the  field  orientation 
direction  of  the  sample. 

To  remove  the  magnetic  domain  effect,  we  take  the  data 
in  the  magnetic  field  larger  than  3  kOe  and  fit  Eq.  (1)  to  them 
in  order  to  estimate  the  values  of  Ky  and  K^.  The  dashed 
curves  in  Fig.  3  are  calculated  with  the  values  of  and  K2 
shown  in  the  same  figure.  A  similar  analysis  has  been  made 
for  the  data  of  the  sample  with  At =0.1.  Magnetization  curves 
for  the  field-oriented  sample  in  a  pulsed  field  are  shown  in 
Fig.  4  for  Jt=0.1  at  4  K,  The  dashed  curves  are  calculated, 
where  we  take /Ci= -2.3X10"*^  erg/f.u.  and 
erg/f.u.  as  the  best  values  (f.u.  denotes  formula  unit). 

Though  the  sample  is  a  field-oriented  one,  the  agreement 
between  the  observed  and  calculated  curves  is  fairly  good.  A 
similar  analysis  has  also  been  made  for  the  data  of  the 
sample  with  a =0.05.  The  anisotropy  constants  /fj  and  K2 
estimated  by  the  method  mentioned  above  are  plotted  against 
composition  x  in  Fig.  5.  The  data  in*  Fig.  5  are  approximate 


FIG  3.  Magnetization  curves  for  the  field-oriented  sample  of 
Gdo95Dyoo5Co4B  at  T=78  K.  The  dashed  curves  are  calculated  (see  the 
text). 


FIG.  4.  Magnetization  curves  of  the  field-oriented  sample  of 
Gdo9Dy(,|Co4B  in  a  pulsed  field  at  T=4  K.  The  dashed  curves  are  calcu¬ 
lated  (see  liis  text). 

because  the  observed  magnetization  curves  are  for  the  field- 
oriented  samples;  however,  the  data  at  r=4  K  and  7'=78  K 
seem  to  be  consistent  with  each  other.  The  anisotropy  con¬ 
stants  Ki  and  K2  in  Fig.  5  can  be  expressed  by 

a:,  =  (1 -A:)/i:i(Gd) -l-AA-,{Dy)  +  4A-i(Co), 
and 

K2=4K2iCo)+xK2{Dy),  (3) 

where  Ai(Gd),  etc.,  are  the  magnetic  anisotropy  constants  of 
a  Gd  ion,  etc.  If  we  use  Ai(Gd)=2.62X10“’*  erg/f.u., 
/(:,(Co)=-2.87X10‘'^  erg/f.u.,  and  A2(Co)=1.74XlO"'* 
erg/f.u.,  which  have  been  estimated  from  the  data  of  GdCto4B 
(Ref.  2)  and  YC04B  (Ref.  4),  approximate  values  of  Ai(Dy) 
and  /if2(Dy)  can  be  estimated  by  fitting  Eq.  (3)  to  the  straight 
lines  at  7”= 4  K  in  Fig.  5  as 


0  0.02  0.04  0.06  0.08  0.1  0.12 

X 


FIG.  5.  Composition  dependence  of  magnetic  anisotropy  constants  Kj  and 
K2  per  formula  unit  in  Gd,  _;,Dy^Co4B.  O  and  X  are  estimated  from  the 
magnetization  curves  with  Hlc  measured  in  the  pulsed  field  up  to  140  kOe 
at  r=4  K,  •  and  ▲  are  estimated  from  the  magnetization  curves  with  7/iic 
and  HXc  measured  in  the  low  field  up  to  12  kOe  at  77  K. 
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/fj(Dy)= -2.1X10“^^  erg/Dy  toes.  This  fact  is  different  from  the  situation  of  SmCo4B 

andSmCos,  where  iiLi(Sm)  is  enhanced  by  the  crystallo¬ 
graphic  change  to  the  CeCo4B  type.® 
and 

/(:2(Dy)=1.3X10-'‘’  erg/Dy. 

On  the  other  hand,  ^Ci(Dy)  dnd  /(r2(Dy)  of  DyCo5  2  with 
CaCus  crystal  structure  have  been  estimated  by  Ermolenko 
and  Rozhda®  to  be  -2.92X10“*'*  and  1.4X10“*®  erg/Dy,  re¬ 
spectively.  Comparing  the  magnetic  anisotropy  constants  per 
Dy  ion  in  Gdi_;tDy;,Co4B  with  those  of  DyCo5  2,  we  can 
conclude  that  the  A^2(Dy)  is  strongly  enhanced  by  the  crys¬ 
tallographic  change  from  CaCus-type  to  CeCo4B-type  struc- 
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Recent  advances  in  high-coercivity  planar-magnetization  film  magnets  and  Bi-YIG 
(bismuth-substituted  yttrium  iron  garnet)  film  technology  have  opened  up  the  possibility  of 
fabricating  very  small  magneto-optic  devices.  In  this  article  we  demonstrate  that  these  two 
technologies  can  be  brought  together  to  fabricate  a  high  performance  waveguide  magneto-optic 
isolator  for  use  in  integrated  optical  circuits.  The  device  operates  at  1.55-/ttm  wavelength  and 
consists  of  a  waveguide  etched  into  a  Bi-YIG  film  whose  magnetization  is  saturated  by  a 
22-/im-thick  TbCu7-type  SmCo  magnet  with  a  coercivity  of  4  kOe.  Isolation  ratios  of  25  dB  have 
been  obtained  in  the  wavelength  region  between  1490  and  1555  nm. 


The  development  of  optica!  fiber  telecommunications 
has  intensified  the  search  for  compact,  low-cost  magneto¬ 
optic  isolators.  Isolators  currently  in  use  are  made  of  bulk 
crystals  or  thick  films  of  modified  yttrium  iron  garnet  (YIG) 
and  rely  on  bulk  magnets  to  induce  Faraday  rotation  in  these 
crystals.  The  development  of  waveguide  isolators,  magne¬ 
tized  by  small  ferromagnetic  films,  would  allow  a  consider¬ 
able  reduction  in  size  and  production  costs. 

Recent  advances  in  Bi-YIG  film  technology*'^  have 
made  it  possible  to  fabricate  thin-fiim  waveguide  isolators' 
with  zero  birefringence  and  isolation  ratios  of  30  to  35  dB. 
Moreover,  within  the  last  decade  there  have  also  been  sig¬ 
nificant  advances  in  the  fabrication  of  thin  and  medium 
thickness  fenomagnetic  films,  with  high  magnetization^’^ 
and  high  coercivity."* 

In  this  article  we  demonstrate  that  these  ferromagnetic 
films  can  be  used  as  permanent  magnets  in  a  workable 
magneto-optic  waveguide  isolator.  The  work  presented  here 
extends  results  obtained  by  some  of  the  authors  in  a  previous 
study.^  We  demonstrate  full  saturation  of  the  magnetization 
in  a  waveguide  isolator  using  a  more  powerful  film  magnet 
than  in  Ref.  5,  and  study  insertion  losses  and  the  response  of 
the  film  magnet  isolator  as  a  function  of  wavelength. 

The  basic  structure  of  the  device,  as  shown  in  Fig.  1, 
consists  of  a  magnetic  film  placed  on  a  Bi-YIG  waveguide, 
separated  by  an  appropriate  buffering  material.  In  order  to 
demonstrate  the  feasibility  of  utilizing  various  thin-film  mag¬ 
net  types  with  waveguide  Bi-YIG  structures  we  have  studied 
the  magnetic  saturation  induced  by  two  different  ferromag¬ 
netic  films  on  a  Bi-YIG  slab  waveguide.  Such  saturation  is 
important  because  the  presence  of  preexisting  magnetic  do¬ 
mains  in  the  waveguide  degrades  the  performance  of  the  de¬ 
vice  as  a  result  of  spurious  linear  magnetic  birefringence, 
induced  when  the  magnetization  in  the  Bi-YIG  is  not  collin- 


ear  with  the  waveguide  axis.  Moreover,  the  magnet  should 
saturate  a  length  of  Bi-YIG  sufficient  to  generate  45°  of  Far¬ 
aday  rotation  as  the  light  traverses  the  isolator. 

In  this  article  we  report  on  the  performance  of  two  dif¬ 
ferent  magnet  types.  T  first  is  an  iron-cobalt  alloy  single¬ 
crystal  film,  with  alloy  composition  30%  iron  and  70%  co¬ 
balt,  grown  by  molecular-beam  epitaxy  on  a  (110)  GaAs 
substrate.  Hysteresis  studies  of  these  films  show  a  flat  rect¬ 
angular  response  to  an  applied  magnetic  field,  with  a  zero- 
field  remanent  AttM  of  about  21  kOe  and  a  coercivity  of  50 
Oe.  The  film’s  thickness  is  approximately  1.5  im.  The  sec¬ 
ond  magnet  is  a  22-/im-thick  samarium-cobalt  polycrystal¬ 
line  film,  with  composition  Smi4Co63Fe2oZr2Cu8,  sputtered 
on  an  aluminum  oxide  substrate.  It  has  a  remanent  4  ttM  of  7 
kOe  and  a  coercivity  of  4  kOe.  M  is  in  the  plane  of  the  film 
for  both  magnets. 

The  slab  waveguide  consists  of  a  triple-layer  single¬ 
crystal  epitaxial  Bi-YIG  film'  designed  to  support  single  TE 
and  TM  modes.  The  film  was  grown  by  standard  liquid- 
phase  epitaxy  on  a  (lll)-oriented  gadolinium-gallium- 
gamet  substrate.  The  top  two  epilayers  have  nominal  com¬ 
position  (Bio5Y2  5)(Fe3  7Gaj  3)Oi2,  with  a  calcium  content  of 
0.1  pfu.  An  index  of  refraction  difference  of  0.5%  between 
them  ensures  waveguiding  in  the  top  layer.  Each  epilayer  is 
approximately  3.5  /im  thick.  The  sample  was  subjected  to 
annealing  processes  described  elsewhere'  for  near-planar 
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San  Marcos,  TX  78666.  FtG.  1.  Basic  structure  of  thin-film  magnet  magneto-optic  isolator. 
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FIG.  2.  (a)  Shaded  areas  show  the  magnetically  charged  end  faces  of  the 
film  magnet,  (b)  Photomicrograph  of  magnetic  domaitis  in  Bi-YIG  epilaycr 
(Faraday  contrast)  in  the  presence  of  l.S-/un-thick  Fe-Co  film. 


magnetization  anisotropy  in  the  upper  layers,  resulting  in 
easy-magnetization  axes  along  the  [112]  directions.  The  bot¬ 
tom  epilayer  of  the  three-layer  structure  has  nominal  compo¬ 
sition  (Bio,5Er,,4Smo.7pro,4)(Fe4.oCoo,2Alo  8)0,2,  and  magneti¬ 
zation  normal  to  the  plane  of  the  film.  Its  rare-earth 
composition  is  designed  to  absorb  higher-order  waveguide 
modes  present  in  the  triple-layer  stmcture. 

To  study  the  magnetic  saturation  induced  by  the  iron- 
cobalt  alloy  film  in  the  Bi-YIG  waveguide,  we  placed  the 
magnetic  film  directly  on  top  of  the  Bi-YIG  sample,  its  mag¬ 
netization  parallel  to  the  planar  component  of  one  of  the  easy 
magnetization  directions  of  the  garnet.  The  slab  waveguide 
magnetization  is  partially  saturated  by  the  fringing  field  of 
the  film  magnet,  which  is  nearly  planar  in  the  waveguide. 
The  iron-cobalt  film  is  found  to  saturate  Xo=0.8  mm  of  the 
Bi-YIG  sample,  as  shown  in  Fig,  2.  The  magnetization  di¬ 
rection  in  the  Fe-Co  film  is  normal  to  the  edge  of  the  film,  as 
shown  in  Fig.  2(a),  and  saturation  is  measured  away  from  the 
magnet.  The  photomicrograph  in  Fig.  2(b)  was  obtained  us¬ 
ing  Faraday  contrast  with  a  polarization  microscope.  In  the 
figure  the  opposite  directions  of  quasi-planar  magnetization 
in  the  waveguiding  epilayer  appear  as  light-  and  dark-shaded 
regions  parallel  to  the  Fe-Cb  edge.^  The  mazelike  pattern  in 
the  Bi-YIG  corresponds  to  vertical  magnetization  domains 
present  in  the  absorbing  (bottom)  epilayer.  These  domains 


exhibit  a  higher  Faraday  contrast  than  those  corresponding  to 
the  quasi-horizontal  magnetization  of  the  waveguiding  epil¬ 
ayer  because  of  their  larger  vertical  components  of  magneti¬ 
zation.  In  the  isolator,  the  fringing  fields  of  these  domains  are 
neutralized  by  the  permanent  magnet  and  do  not  limit  the 
ultimate  isolation  ratio  of  the  device. 

In  order  to  obtain  the  micrograph  shown  in  Fig.  2(b),  a 
separate  external  magnet  was  first  placed  in  proximity  to  the 
YIG  sample  in  order  to  saturate  the  Bi-YIG  magnetization  in 
a  direction  opposite  to  that  later  obtained  with  the  Fe-Co 
film  in  place.  This  magnet  was  then  removed  and  the  film 
magnet  positioned  on  the  YIG;  the  domains  then  relaxed  to 
their  equilibrium  configuration.  The  resulting  domain  con¬ 
figuration  in  the  waveguiding  epilayer,  observable  by  Fara¬ 
day  contrast,  provides  a  measure  of  the  magnetic  saturation 
induced  by  the  Fe-Co  film  in  the  Bi-YIG  sample,  and  yields 
0.8  mm,  as  indicated  above. 

Using  the  expressions  in  Eqs.  (1)  and  (2)  given  below, 
for  the  magnetic  field  induced  by  each  of  the  two  magneti¬ 
cally  charged  pole  faces  in  a  magnetic  film,^’®  we  estimate  a 
saturation  field  of  5.8  Oe  for  the  waveguiding  epilayer  in  the 
Bi-YIG  sample  used  in  these  experiments.  The  equations, 
derived  in  Ref.  5, 


^3  Xy-h 

//j(xi,0,JC3)  =  2M-n  arctan - arctan - 

x,  x. 


//3(x,,0,X3)  =  M'n  In 


x^xj 


Xl  +  iXy-h)- 


(1) 

(2) 


are  valid  for  the  case  where  the  distance  between  the  pole 
face  and  the  point  x,  where  the  field  is  evaluated,  is  much 
smaller  than  the  lateral  dimension  b  of  the  film,  shown  in 
Fig.  2(a).  M  is  the  magnetization  density,  n  is  the  unit  vector 
normal  to  the  face,  and  the  Cartesian  coordinates  are  as 
shown  in  the  figure.  The  pole  face  is  at  x,  =  0,  and  the  thick¬ 
ness  of  the  film  h  is  assur.ied  to  be  1.5  /xm  in  the  above 
calculation. 

The  thicker  samarium-cobalt  film  magnet,  on  the  other 
hand,  has  a  more  drastic  effect  on  the  Bi-YIG  magnetization. 
Placed  in  close  proximity  to  the  edge  of  the  garnet,  its  mag¬ 
netization  normal  to  the  edge,  the  magnet’s  fringing  field  is 
strong  enough  not  only  to  saturate  the  waveguiding  layer,  but 
in  addition  the  vertical  domains  of  the  absorbing  epilayer  are 
eliminated  up  to  a  distance  of  0.5  mm  from  the  edge.  Fara¬ 
day  contrast  analysis  reveals  that  the  waveguiding  epilayer 
remains  magnetically  saturated  horizontally  beyond  a  dis¬ 
tance  of  2  mm  from  the  magnet.  Calculations  using  Eq.  (1) 
show  that  for  the  saturation  field  of  5.8  Oe  calculated  above, 
the  saturation  length  is  xo=4.2  mm  for  this  Sm-Co  film. 

A  workable  waveguide  isolator  must  be  long  enough  to 
generate  45®  of  Faraday  rotation  in  the  light  input.  For  ex¬ 
ample,  typical  lengths  for  bismuth-substituted  YIG  films 
with  near-planar  magnetization  range  from  1  mm  to  several 
millimeters,  depending  on  the  level  of  bismuth  doping  in  the 
Bi-YIG  film.  Since  a  single  magnetically  charged  pole  face 
of  the  samarium-cobalt  magnet  saturates  more  than  2  mm  of 
the  waveguiding  epilayer,  the  magnet’s  return  flux,  which 
has  additive  contributions  from  both  pole  faces  in  the  hori¬ 
zontal  direction,  will  be  sufficient  to  saturate  the  full  length 
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of  a  channel  waveguide  to  achieve  45°  rotations.’  In  fact, 
using  Eq.  (1)  one  can  show  that  the  return  flux  is  weakest  at 
the  axial  midpoint  of  the  ridge  waveguide,  where  the  hori¬ 
zontal  component  of  the  held  is  twice  that  generated  by  each 
magnetic  pole  fece. 

In  order  to  test  the  performance  of  the  proposed  film 
magnet  waveguide  i'plator  we  first  fabricated  ridge 
waveguides  in  the  Bi-YlG  sample  and  then  characterized  the 
device  performance  via  its  isolation  ratio  and  insertion 
losses.  To  fabricate  the  waveguide  isolator,  the  linear  bire¬ 
fringence  was  reduced  to  zero  at  a  wavelength  near  1.5  fira 
by  etch-tuning  the  thickness  of  the  garnet  film.*’*  Ridge 
waveguide  patterns  were  then  etched  into  the  surface,  paral¬ 
lel  to  one  of  the  easy-magnetization  directions,  and  a  thin 
silica  overlayer  was  sputtered  over  it  to  further  tune  the  zero- 
birefringence  wavelength  and  to  provide  a  buffer  between 
the  magnet  and  the  waveguide,  thereby  reducing  absorption 
losses. 

The  Faraday  rotation  in  the  Bi-YIG  waveguide  was  mea¬ 
sured  to  be  127°/cm  at  a  wavelength  of  1.5  /on.  Thus,  in 
order  to  provide  45°  of  rotation,  the  sample  was  cut  to  a 
length  of  3.55  mm  and  its  edges  optically  polished. 

Performance  measurements  on  this  isolator  using  the 
1.5-/im-thick  Fe-Co  magnet  have  been  reported  by  some  of 
us  elsewhere.**  These  tests  showed  that  the  magnet  saturates 
nearly  75-90%  of  the  length  of  the  waveguides.  Isolation 
ratios  of  21  dB  were  obtained. 

For  the  tests  with  the  Sm-Co  mapet  reported  here,  lin¬ 
early  polarized  light  from  a  tunable  laser  source  was  coupled 
into  one  end  ot  a  ridge  wavepide  through  a  polarization 
maintaining  single-mode  fiber.  In  order  to  reduce  the  effect 
of  the  residual  linear  birefringence  over  a  broad  range  of 
wavelengths,  the  input  polarization  direction  was  tilted  by 
22.5°  to  TE,  following  Dammann  et  al^  The  light  emerging 
from  the  other  end  was  collected  by  a  microscope  objective, 
passed  through  a  metallic  thin-film  near-infrared  polarization 
analyzer,  and  focused  onto  a  germanium  photodetector 
coupled  to  a  multimeter. 

Insertion  losses  in  the  isolator  were  rrea.sure>l  by  com¬ 
paring  the  output  of  the  pola’^ization-mair;  ...u';  j  'iber  to  that 
of  the  ridge  waveguide.  A  total  6  dB  of  insert!  in  loss  was 
found,  of  which  approximately  1.5  dB  is  due  to  re.Iections  at 
the  input  and  output  facets,  1  dB  is  due  to  absorption  losses 
in  the  waveguide  itself,  and  the  remainder,  or  3.5  dB,  is  from 
coupling  losses  into  and  out  of  the  waveguides.  In  order  to 
reduce  reflection  losses,  the  facets  of  the  device  can  be  anti¬ 
reflection  coated.  Moreover,  we  expect  that  coupling  losses 
can  be  sipificantly  reduced  with  a  more  efficient  coupling 
mechanism. 

In  order  to  measure  the  performance  of  the  device,  we 
cut  the  samarium-cobalt  film  together  with  its  aluminum 
oxide  substrate  into  a  rectangular  shape,  3.8  mm  along  the 
direction  of  mapetization,  and  1  cm  in  the  in-plane  perpen¬ 
dicular  direction.  The  structure  was  then  placed  film  down  on 
the  Bi-YIG  sample,  its  magnetization  parallel  to  the 
waveguiding  ridges,  as  shown  in  Fig.  1.  This  mapetic  film 
was  found  to  saturate  the  full  length  of  the  ridge  wavepides, 
for  45°  of  rotation  in  the  input  polarization.’ 

To  measure  an  effective  isolation  ratio  for  our  device  the 
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FIG.  3.  Isolation  ratio  in  Bi-YIG  waveguide  isolator  with  Sm-Co  film 
magnet. 


analyzer  was  set  at  the  extinction  angle.  After  measuring  the 
power  transmitted  through  the  analyzer,  the  samarium- 
cobalt  film  was  rotated  180°  so  that  its  mapetization  was 
oriented  antiparallel  to  the  original  direction  of  magnetiza¬ 
tion,  and  the  transmitted  power  was  measured  again.  Follow¬ 
ing  Wolfe  et  al.,^  the  ratio  of  detected  intensities  for  the  two 
magnetization  directions  was  taken  as  the  isolation  ratio  for 
the  ridge  waveguide  isolator.  Our  measurements  show  isola¬ 
tion  ratios  close  to  25  dB  in  the  wavelength  range  of  our 
tunable  laser  source,  from  1490  to  1555  nm.  These  results 
are  plotted  in  Fig.  3.  Forward  excess  losses  due  to  birefrin¬ 
gence  are  less  than  0.5  dB. 
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investigation  of  Pr-Fe-B  magnets  with  high  performance  (abstract) 
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Advanced  Materials  Corporation,  Department  of  Material  Science  and  Engineering,  Carnegie  Mellon 

University,  Pittsburgh,  Pennsylvania  15213 

Pr-Fe-B  magnets  with  high  performance  based  on  2:14:1  structure  were  investigated.  The  effect  of 
fabricating  processes  on  the  oxygen  content  and  on  the  magnetic  properties  was  studied.  The 
coercivity  ^Hc  decreases,  but  the  Br  and  (BH)„,i„  of  the  magnets  increase  with  the  decrease  of  the 
Pr  content.  The  decrease  in  the  a-Fe  content  of  the  alloys  annealed  at  1000  °C  for  more  than  360  h 
results  in  the  enhancement  of  the  magnetic  properties  of  the  magnets.  Under  the  optimum 
conditions,  the  magnetic  properties  for  Pri4Fe795Bfi5  magnets  are  found  to  be  ,//(.=656  kA/m, 
Br=1.42  T,  (BH)„„=374  kJ/m^.  The  microstructures  of  the  magnets  were  investigated.  The  effect 
of  the  secondary  phases  in  the  grain  boundary  on  the  coercivity  of  the  magnets  was  studied. 


In  situ  and  dynamic  observation  of  NdFeCoB  magnet  by  high  voitage 
transmission  eiectron  microscope  (abstract) 

Pan  Shuming 

Research  Institute  of  Non-Ferrous  Metals,  Beijing,  China 

Liu  Jinfang 

Department  of  Precision  Alloys,  Central  Iron  and  Steel  Research  Institute,  Beijing  100081,  China 

Xu  Yinfan 

Institute  of  Physics,  Chinese  Academy  of  Sciences,  Beijing,  China 

In  situ  and  dynamic  observation  of  microstructural  characteristics  of  sintered  Nd-Fe-Co-B  magnet 
has  been  carried  out  using  JEM-IOOOX  high  voltage  transmission  electron  microscope  (HVTEM). 
Magnetic  properties  of  the  sample  studied  are  as  follows:  Br==1.28  T,  Hc=589  kA/m, 
(BH)n,ax-302.4  kJ/m^.  HVTEM  observation  results  are  as  follows:  (1)  At  room  temperature,  the 
grains  of  the  matrix  phase  are  found  to  be  nearly  perfect  crystals.  In  some  grains,  there  exist  some 
spherical  inclusions  that  are  embedded  in  the  matrix.  Structural  analysis  of  these  inclusions  has  been 
made  by  electron  diffraction.  (2)  When  the  temperature  is  lower  than  400  ®C,  we  found  no  obvious 
changes.  (3)  When  the  temperature  is  higher  than  400  °C,  some  small  precipitates  began  to  occur  in 
the  matrix.  (4)  When  the  temperature  reaches  500  °C,  the  precipitates  grow  and  become  needlelike 
and  perpendicular  to  each  other.  (5)  When  the  temperature  reaches  700  °C,  the  tetragonal  symmetry 
of  the  matrix  phase  is  completely  damaged.  (6)  No  remarkable  changes  were  found  for  the  Nd-rich 
grain  boundary  phase  when  the  temperature  increases  from  25  to  600  "C.  (7)  Temperature 
dependence  of  coercivities  of  the  sample  has  been  explained  by  the  structure  changes. 
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The  magnetic  phase  diagram  of  curomium  alloys  sensitively  depends  on  both  electron  damping  and 
the  presence  of  an  electron  reservoir.  If  the  damping  energy  F  vanishes  and  the  power  p  of  the 
reservoir  is  infinite,  then  lightly  doped  CrMn  alloys  would  experience  a  first-order  transition  from 
an  incommensurate  (/)  to  a  commensurate  (C)  spin-density  wave  (SDW)  state  with  decreasing 
temperature.  Either  damping  or  a  finite  reservoir  may  flip  the  phase  boundary  from  one  side  of  the 
triple  point  to  the  other,  allowing  a  commensurate-to-incommensurate  transition  with  decreasing 
temperature  as  observed  experimentally.  Both  damping  and  a  finite  reservoir  suppress  the  first-order 
jumps  in  the  SDW  order  parameter  and  wave  vector.  When  p^2,  the  C-i  transition  is  second  order 
for  all  temperatures.  When  p>2,  the  transition  is  second  order  near  the  tricritical  point  but  first  order 
at  lower  temperatures.  Unlike  electron  damping,  an  electron  reservoir  does  not  shift  the 
paramagnetic  phase  boundary  and  triple  point. 


The  nesting'’^  of  the  octahedral  electron  and  hole  Fermi 
surfaces  in  chromium  alloys  is  responsible  for  most  of  its 
unique  properties.  The  Coulomb  attraction^  between  elec¬ 
trons  and  holes  produces  a  spin-density  wave  (SDW)  with 
wave  vector  close  to  the  nesting  wave  vector.  For  pure  chro¬ 
mium,  the  hole  surface  is  slightly  larger  than  the  electron 
surface.  Consequently,  both  the  nesting  wave  vector  Q  and 
the  SDW  wave  vector  Q'  are  incommensurate  with  the  lat¬ 
tice.  The  nesting  of  the  Fermi  surfaces  and  the  Neel  tempera¬ 
ture  are  enhanced  by  doping  witn  manganese,  which  adds 
electrons,  and  worsened  by  doping  with  vanadium,^  which 
contributes  holes  to  the  conduction  band. 

Early  experiments^’'*  on  lightly  doped  CrMn  alloys  re¬ 
vealed  a  first-order  transition  from  commensurate  (C)  to  in¬ 
commensurate  (/)  phases  of  the  SDW  with  decreasing  tem¬ 
perature.  By  contrast,  the  theoretical  phase  diagram*  without 
damping  and  with  a  fixed  chemical  potential  contains  a  first- 
order  incommensurate-to-commensurate  (/-C)  transition 
with  decreasing  temperature.  This  phase  diagram  is  drawn  in 
the  solid  curves  of  Fig.  1  for  the  case  p=a>.  Here  T%^11 
meV  is  the  fictitious  Neel  temperature  of  perfectly  nested 
chromium  without  impurities.  The  energy  Zg  is  proportional 
to  the  mismatch  between  the  electron  and  hole  surfaces  in  k 
space.  As  indicated,  this  mismatch  decreases  with  manganese 
doping  and  increases  with  vanadium  doping. 

IVo  explanations  have  been  proposed  for  the  observed 
C-/  transition.  Because  scattering  from  impurities  breaks 
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electron -hole  pairs,*  electron  dampirg  suppresses  both  the 
SDW  order  parameter  and  the  Neel  temperature.  In  previous 
work,*  we  found  that  electron  damping  also  favors  the  in¬ 
commensurate  over  commensurate  phases  of  the  SDW.  Since 
the  ratio  of  the  damping  energy  F  to  thermal  energy  in¬ 
creases  with  decreasing  temperature,  damping  may  flip  the 
phase  boundary  from  one  side  of  the  triple  point  to  the  other. 


Mn  V 


FIG.  1.  TITH-vs-ZqITs  phase  diagiam  of  chromiu'n  alloys.  The  solid  curves 
are  plotted  for  r=0  and  with  the  indicated  rtstrvoir  power.  The  dashed 
curve  is  plotted  for  T/T^ =0.3  and  p=<».  While  the  commensurate  phase  lies 
to  the  left  of  the  boundaries,  the  incommensurate  phase  lies  to  the  right,  as 
shown  for  the  dashed  phase  diagram  with  damping. 


resulting  in  the  observed  first-order  C-I  transition.  The  pt  h  .-' 
diagram  with  r/rjj=0.3  is  given  by  the  dashed  curves  of 
Fig.  1.  As  well  as  lowering  the  paramagnetic  phase  boundary, 
damping  also  suppresses  the  triple  point  of  Zq.^  As  F  in- 
aeases  for  a  fixed  Zq,  the  size  of  the  drop  in  the  SDW  order 
parameter  g  at  the  C-I  phase  boundary  decreases.  When  F 
exceeds  some  critical  value  Fc(zo),  the  Neel  temperature 
vanishes  and  the  alloy  becomes  paramagnetic.  About  4%  va¬ 
nadium  is  required  to  drive  CrV  alloys  paramagnetic.^ 

The  C-I  transition  can  also  be  explained  by  imposing 
particle  conservation.  Much  theoreticai  work  on  chromium 
alloys,^’®  including  our  previous  studies,^’’  assumed  that  the 
chemical  potential  was  unaffected  by  the  formation  of  the 
SDW  and  the  concurrent  gap  A«g  in  the  electron-hole  en¬ 
ergy  spectrum.  This  requires  an  infinite  reservoir  of  elec¬ 
trons,  which  replenishes  the  electron-hole  band  and  keeps 
the  chemical  potential  constant.  An  electron  reservoir  is 
supplied*’®  by  the  electron  balls  midway  between  reciprocal- 
lattice  points  F  and  H  and  by  the  hole  pockets  at  N.  The 
reservoir  power  p  is  just  the  ratio  of  the  density  of  states  of 
the  reservoir  band  to  that  of  the  electron-hole  band. 

When  the  power  p  of  the  electron  reservoir  is  finite,  the 
chemical  potential  will  decrease  and  the  effective  mismatch 
io  between  electron  and  hole  surfaces  will  increase  with  de¬ 
creasing  temperature.  As  seen  from  Fig.  1,  this  increase  of 
the  energy  mismatch  favors  the  incommensurate  regime. 
When  p  is  sufficiently  small,  the  phase  boundary  will  flip 
from  one  side  of  the  triple  point  to  the  other  and  produce  a 
C-I  transition.  Unlike  damping,  however,  the  reservoir  does 
not  affect  the  paramagnetic  phase  boundary  or  the  position  of 
the  triple  point. 

Unfortunately,  previous  studies  of  the  reservoir’s  effects 
were  inconclusive.  The  early  work  of  Rice®  approximated  the 
octahedral  hole  and  electron  Fermi  surfaces  by  spheres  of 
unequal  radii.  While  qualitatively  correct,  this  approximation 
fails  in  the  incommensurate  phase,  when  the  detailed  struc¬ 
ture  of  the  Fermi  surfaces  becomes  important.  More  recently, 
Angelescu,  Nenciu,  and  Tonchev*®  constructed  a  Ginzburg- 
Landau  free  energy  which  produces  unphysical  gaps  in  the 
T-vs-Zo  phase  diagram.  Machida  and  Fujita,"  on  the  other 
hand,  were  primarily  concerned  with  the  effects  of  higher 
harmonics  in  the  SDW  and  erroneously  concluded  that  the 
phase  transitions  were  always  second  order. 

To  clarify  the  effects  of  an  electron  reservoir,  we  have 
calculated  the  free  energy  of  .'hromium  alloys  in  the  pres¬ 
ence  of  a  finite  reservoir  but  wi»'’v>ut  damping.  The  SDW 
wave  vector  must  now  be  written 

lir  2tt  Zo~Zo 

Q'=—[1  +  S{A-1)]-I—k-^(A-1),  (1) 

a  a  If, 


where  ic=aT^IATTVp^QS)l3,  U/7®“5.1X10’  cm/s  is  the 
Fermi  velocity,  and  a  =5.45  A  is  the  lattice  constant  of  the 
bcc  lattice.  The  nesting  wave  vector  Q  of  the  electron  and 
hole  surfaces  is  given  by  Eq.  (1)  with  A=0.  The  deviation  of 
Q  from  the  reciprocal-lattice  vector  lirla  is  determined  by 
the  difference  Zo(r)-Zo  and  by  the  wave-vector  mismatch 
5=0.04.  For  a  finite  reservoir,  Zq(T)>Zq  and  the  nesting 
wave  vector  Q  decreases  as  the  temperature  is  lowered. 

The  difference  between  the  nesting  wave  vector  Q  and 
the  SDW  wave  vector  (2'  is  determined  by  0^A(r)^l  and 
reflects  the  compromise^  between  the  nesting  of  each  side  of 
the  hole  octahedron  with  the  smaller  electron  octahedron. 
When  A=l,  the  SDW  wave  vector  is  commensurate  with  the 
lattice;  when  A=0,  the  nesting  and  SDW  wave  vectors  are 
identical.  Fo^  an  infinite  reservoir,  A  jumps  to  1  as  ZQ^dupja 
decreases  through  the  phase  boundary.®  As  Zq  decreases  in 
the  commensurate  regime,  the  nesting  continues  to  improve 
and  Tf,  continues  to  grow  until  it  reaches  a  maximum  of 
when  Zo=0.  For  a  finite  reservoir,  the  suppression  of  the 
chemical  potential  with  decreasing  temperature  tends  to 
lower  Q'.By  maintaining  the  constancy  of  the  chemical  po¬ 
tential  and  Zq  ,  the  reservoir  opposes  the  growth  of  the  second 
term  in  Q'  with  decreasing  temperature. 

In  the  presence  of  a  finite  reservoir,  the  free  energy  is 
given  by*' 

F(zo ,  T)  =  min{sup[F<‘*>(io  .  A ,  T) 

«.A  jj) 

-3^PeA(l+p)(2o-^o)^]}.  (2) 

where  is  the  density  of  states  of  the  electron-hole  sur 
faces  and  F*‘*^(zo,g,A,r)  is  the  free  energy  of  chromium  fo, 
an  infinite  reservoir  with  Zq  replacing  Zq  .  As  defined  by  Eq. 
(2),  the  solution  for  g  and  A  will  minimize  the  free  energy 
F{zq)  subject  to  the  constraint  that  it  be  an  extremum  with 
respect  to  Zq.  Since  the  reservoir  power  p  does  not  enter 
F^^\zo),  the  self-consistent  solutions  which  minimize  F(zo) 
need  only  be  extrema  of  /^^"'(zo).  In  fact,  this  set  of  self- 
consistent  solutions  {g,A}  may  maximize  the  infinite- 
reseivoir  free  energy  F^^\zo).  By  contrast,  Angelescu,  Nen¬ 
ciu,  and  Tonchev***  define  the  free  energy  so  that  the 
minimization  with  respect  to  g  and  A  precedes  the  extrem- 
ization  with  respect  to  Zq  .  As  a  result,  the  extremum  condi¬ 
tion  will  have  no  solution  for  ranges  of  the  energy  mis¬ 
match  Zq.  To  avoid  this  unphysical  situation,  the  order  of 
operations  in  Eq.  (2)  must  be  maintained. 

The  infinite-reservoir  free  energy  F^^^zg)  is  taken  from 
Ref.  5  in  the  absence  of  damping: 


I  T  \  ^  I  I 

F‘‘**(zo,g,A,r)=p,Ag^ln(  ^1  -  PcA  S  I  F  f  dz  In! 


2 _ 2iv„-zg+2z _ 

^  {iv„-z){{iv,-Zg+z9-[zQ{A-l)l2f}‘^ 


n+U 


(3) 
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where  v„=(^  +  \)TrT  are  the  Matsubara  frequencies.  The 
self-consistent  solutions  for  {g,A}  are  obtained  from  the  ex¬ 
tremum  conditions 


dg 

dF^°\zo,g,A,T) 

dA 


(4a) 

(4b) 


just  as  in  Ref.  5  except  that  now  both  minima  and  maxima 
sets  of  solutions  are  retained  and  tabulated  as  functions  of 
f 0  •  The  extremum  condition  with  respect  to  Zq  is  given  by 


16  dF^°\zo) 


Notice  that  Zq  is  independent  of  and  depends  only  on  the 
reservoir  power  p.  Since  the  free  energy  F^°\zo)  increases 
as  Zq  grows  and  the  nesting  worsens,  we  find  that  Zq>Zq  as 
anticipated  earlier. 

We  plot  the  resulting  phase  diagram  in  the  solid  lines  of 
Fig.  1.  In  the  absence  of  a  reservoir,  p=0  and  the  incommen¬ 
surate  SDW  is  stable  at  r=0  for  all  Zq.  Generally,  a  small 
reservoir  will  suppress  the  jumps  in  the  order  parameter  and 
chemical  potential.  When  p«2,  the  set  of  maxima  incom¬ 
mensurate  solutions  {g,  A}  smoothly  joins  the  set  of  minima 
commensurate  solutions  to  produce  a  second-order  transition 
at  all  temperatures.  In  this  regime,  the  r= 0  phase  boundary 
is  given  exactly  by 


c*/ 

Zq  ^  TT  p  p 

^  =2x/2  -  7-— «^4.99  , 

Tn  “yl+p  1+p 


p«2 


(6) 


where  >^1.78107  is  Euler’s  constant.  Using  spherical  Fermi 
surfaces  at  zero  temperature,  Rice^  found  that  the  C-I  phase 
transition  becomes  second  order  when  p<0.31,  a  much 
smaller  value  than  obtained  here  with  octahedral  Fermi  sur¬ 
faces. 

If  p>2,  the  phase  transition  is  first  order  at  low  tempera¬ 
tures  but  becomes  second  order  at  higher  temperatures, 
where  the  first-order  jumps  in  the  order  parameter  are 
smaller  and  more  easily  destroyed.  For  example,  when 
T=0AT^,  the  phase  transition  is  second  order  for  p<7.01. 
With  second-order  transitions  at  all  temperatures,  the  phase 
diagram  of  Machida  and  Fujita"  exaggerates  the  incommen¬ 
surate  regime.  But  like  Ri(y/^  and  the  present  authors, 
Machida  and  Fujita  agree  that  the  incommensurate  regime  is 
stable  for  all  Zq  at  T=0  whea  p=0. 

For  any  value  of  p  smaller  than  about  10,  the  phase 
boundary  flips  from  the  right  to  the  left  of  the  triple  point, 
producing  a  C-I  transition.  Since  the  reservoir  power  is  cer¬ 
tainly  less  than  10,  we  conclude  that  damping  is  not  needed 
to  explain  the  C-I  transition.  However,  damping  is  required 
to  understand  the  decrease  of  the  SDW  wave  vector  and 
order  parameter  when  chromium  is  doped  with  isoelectronic 
impurities  like  molybdenum  or  tungsten.  ^ 


The  slight  bulge  of  the  C-I  phase  boundaries  to  the  left 
would  seem  to  permit  a  C-I-C  transition  with  decreasing 
temperature.  This  bulge  is  most  noticeable  for  intermediate 
values  of  p  near  2  but  is  present  for  all  nonzero  values  of  p 
which  allow  a  C-I  transition.  We  believe  that  even  a  small 
amount  of  damping  will  wipe  out  the  bulge  and  eliminate  the 
possibility  of  a  C-I-C  transition. 

This  work  suggests  that  whenever  p  is  finite,  the  C-I 
phase  transition  will  become  second  order  sufficiently  close 
to  the  triple  point.  Experiments^  on  the  C-I  transition  have 
been  performed  far  enough  away  from  the  triple  point  that 
the  observed  transition  is  first  order.  While  it  would  be  inter¬ 
esting  to  test  this  prediction  closer  to  the  triple 
point,  first-order  jumps  in  the  order  parameter  and  wave  vec¬ 
tor  may  be  difficult  to  distinguish  from  second-order  transi¬ 
tions  in  this  regime. 

Comparing  our  phase  diagram  with  the  experimentally 
observed  C-I  phase  transition  within  a  narrow  window  of 
manganese  concentrations,  we  would  conclude  that  p  lies 
between  4  and  8.  By  contrast,  the  band-structure  calculations 
of  Asano  and  Yamashita^  indicate  a  much  smaller  value  of 
p^l.  However,  the  nested  electron-hole  band  may  itself  op¬ 
pose  changes  of  the  chemical  potential  and  provide  an  addi¬ 
tional,  effective  reservoir  of  electrons.  Alternatively,*^  the 
presence  of  a  charge-density  wave  which  strongly  favors  the 
commensurate  regime  may  balance  the  small  size  of  the  elec¬ 
tron  reservoir. 

To  conclude,  we  have  investigated  the  effects  of  damp¬ 
ing  and  an  electron  reservoir  on  the  phase  diagram  of  chro¬ 
mium  alloys.  While  either  sufficiently  strong  damping  or  a 
sufficiently  small  reservoir  can  explain  the  C-I  transition,  we 
believe  that  a  combination  of  the  two  is  required  to  explain 
the  detailed  phase  boundary.  Experiments  close  to  the  tri- 
critical  point  may  reveal  second-order  C-I  transitions  and 
confirm  the  importance  of  a  finite  electron  reservoir. 
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The  temperature  and  field  dependence  of  the  magnetization  of  a  Fe2N  alloy  has  been  measured  and 
compared  with  the  calculation  of  the  Moriya-Kawabata  theory  and  Stoner-Edwards-Wohlfarth 
model.  It  is  shown  that  Fe2N  is  a  very  weak  itinerant  ferromagnet,  and  the  Moriya-Kawabata  theory 
and  the  electron  gas  approximation  give  a  good  description.  Spin  fluctuations  and  their  interaction 
play  a  significant  role  in  determining  the  thermomagnetic  properties  of  the  Fe2N  alloy. 


I.  INTRODUCnON 

Fe2N  is  an  ordered  interstitial  alloy  with  orthorhombic 
structure^  and  the  highest  N  content  (about  11.1  wt  %)  in  the 
Fe-N  solid  solution.  Much  research  has  been  earned  out  on 
Fe2N,  but  there  was  still  controversy  regarding  magnetic 
properties'’^  until  we  identified  it  as  a  weak  itinerant  ferro- 
mapet  (WIF)."*  In  our  previous  paper,  the  magnetic  proper¬ 
ties  of  Fe2N  were  analyzed  based  on  the  Stoner-Edwards- 
Wohlfarth  (SEW)  model,  which  gives  results  in  agreement 
with  the  magnetization  and  susceptibility  measured  below 
Tc,  but  deviates  at  T>Tc  This  is  not  surprising  since  the 
SEW  model  is  essentially  a  mean-field  theory  and  only 
single  electron  excitation  is  taken  into  account. 

This  paper  reports  detailed  results  of  the  temperature  and 
field  dependence  of  the  mapetization  of  Fe2N  and  makes  a 
comparison  with  numerical  calculations  based  on  the  self- 
consistent  renormalization  (SCR)  theory  by  Moriya  and 
Kawabata,^  which  considers  the  collective  excitation  of  the 
electron-hole  pairs  (spin  fluctuations)  and  their  interaction, 
and  is  expected  to  give  better  agreement  at  higher  tempera¬ 
ture. 


II.  FIELD  DEPENDENCE  OF  THE  MAGNETIZATION  AT 
7=0 

The  a-FeOOH  powder  of  average  size  6  fim  was  re¬ 
duced  in  pure  flowing  H2  gas  at  425  ®C  for  10  h,  followed  by 
nitriding  in  flowing  NH3  gas  at  450  °C  for  12  h.  The  sample 
was  detected  by  x-ray  diffraction  as  consisting  of  single 
phase  and  in  good  agreement  with  Jack’s  result*  for  Fe2N  in 
both  line  positions  and  intensities.  Magnetization  was  mea¬ 
sured  from  1.5  to  30  K  by  the  sample-drafting  induction 
method  in  a  superconducting  solenoid  with  magnetic  fields 
up  to  80  kOe. 

According  to  the  SCR  theory,  in  the  electron  gas  ap¬ 
proximation,  the  reduced  magnetization  ^  of  the  WIF  can  be 
expressed  as^’® 

1  ,  ,  3  /  dAF\ 

where  the  magnetization  (per  gram),  M=M{H,T),  is  a  func¬ 
tion  of  the  field  and  temperature,  the  reduced  moment 
l=^(H,T)=M(H,T)/N,  with  N  the  total  electron  number 
per  pam,  7^  is  the  Fermi  temperature,  l/(a-l)  is  the  Stoner 
enhancement  factor,  and  Af  is  the  correction  of  the  Hartree- 
Fock  term  in  the  free  energy  due  to  the  spin  fluctuation. 


At  7=0,  the  contribution  of  the  spin  fluctuation  5AF/ 
dM =0,  Eq.  (1)  becomes 

-  '21  81  fig 

m0)=y  (a-l)  +  y^  HiaH,Q).  (2) 

This  is  to  be  compared  with  the  SEW  modef: 

2yn 

f2(i/,0)  =  f2(0,0)-h-y  (3) 

Here  Xo={^MIdH),f„Qj^(,=NN{Ep)iill{a-l)  is  the 
susceptibility  at  zero  field  and  temperature,  and  N(Ep)  is  the 
density  of  states  at  the  Fermi  energy. 

From  Eqs.  (2)  and  (3),  using  the  experimental  magneti¬ 
zation  f(0,0)=0.06/iB  and  ^(//=5  k0c,0)=0.092/ia,  we  can 
calculate  the  entire  field  dependence  of  the  magnetization. 
The  result  obtained  is  in  excellent  agreement  with  the  experi¬ 
mental  M(H,0)  curve,  as  shown  in  Fig.  1,  indicating  Fe2N  is 
an  unsaturated  weak  itinerant  ferromagnet. 

According  to  both  the  SCR  theory  [Eq.  (2)]  and  the  SEW 
model  [Eq.  (3)],  the  Arrott  plot,  i.e.,  the  M^-vs-HIM  curve, 
is  a  straight  line  for  7=0  as  shown  in  Fig.  2.  From  Eq.  (2), 
a=k^(0,0)+l=1.000  267  and  7^=1.52X10^  K  are  deter¬ 
mined  for  the  SCR  theory.  From  Eq.  (3),  emu/ 

g  Oe  is  determined  for  the  SEW  model.  In  the  electron  gas 
approximation,  including  the  Stoner  enhancement, 
Xo=^Nfill4kTp(a- 1).  From  this  expression  and  the  ex¬ 
perimental  ;^o  value,  7f  is  — aO  estir  rated  as  1.53X10'*  K. 


FIG.  1.  Magnetization  of  Fe2N  as  a  function  of  field  at  r=0.  Dots  aie  the 
experiments  and  the  solid  line  is  according  to  the  SCR  theory  and 
SEW  model. 
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RG.  2.  Anott  plot  of  FcjN  from  //=  1.5  to  20  kOe. 


Thus,  in  the  electron  gas  approximation,  both  the  SCR  theory 
and  SEW  model  give  the  same  description  to  the  zero- 
temperature  magnetization 

Table  I  presents  those  basic  parameters  for  Fe2N  and 
some  typical  weak  itinerant  magnets  for  comparison. 

III.  TEMPERATURE  DEPENDENCE  OF  THE 
SPONTANEOUS  MAGNETIZATION  AT  T<Tc 

According  to  the  SCR  theory,  near  Tg ,  the  spontaneous 
magnetization  M(0,T)  can  be  expressed  as 
but  according  to  the  SEW  model,*  at 

The  two  relations  are  good  criteria  for  verifying  which 
model  is  more  appropriate  to  describe  the  weak  itinerant 
magnet.  The  experimental  M(0,T)  value  is  obtained  by  ex¬ 
trapolating  the  Arrott  plot  (Fig.  2)  to  H-0  for  T<T^.  How¬ 
ever,  since  these  parallel  lines  are  very  sharp  and  crowded  in 
Fig.  2,  error  was  introduced  in  the  extrapolation. 

M\Q,T)  is  plotted  against  7^^  and  in  Fig.  3,  and 
they  are  all  essentially  straight  lines.  From  Fig.  3  it  is  hard  to 
tell  which  model  is  better.  There  are  two  possible  reasons: 
First,  both  models  are  essentially  able  to  describe  the  mag¬ 
netic  properties  of  Fe2N  at  r<  Second,  the  precision  of 


tV3,kV3) 


0  12  24  36  48  60  72 

T*(K*) 


RG.  3.  Square  of  the  magnetization  of  Fc^N  at  f/=0  plo.  against  7^^ 
and  curves. 


our  magnetic  measurement  is  not  good  enough  to  determine 
the  correct  expression  of  M{0,T),  especially  due  to  the  error 
in  the  extrapolation  as  mentioned  above. 

iV.  MAGNETIZATION  AT  NONZERO  FIELD  AND  FINITE 
TEMPERATURE 

The  Arrott  plot  of  Fe2N  (Fig.  2)  at  KT^  is  a  series  of 
parallel  lines  over  a  wide  range  of  field  strength.  Since  they 
are  very  crowded  in  the  temperature  scale,  only  a  few  points 
of  temperature  are  plotted  in  Fig.  2  for  clarity.  Their  slope  is 
essentially  independent  of  the  temperature,  indicating  that 
the  held  dependence  of  the  magnetization  at  T<Tc  can  be 
described  by  the  SEW  model’  as  giver  by 

M^(H,T)=M\0,0)[i-{T/Tc)^+2xoH/MiH,T)]. 

However,  the  Arrott  plot  at  T>  Tc  becomes  concave  and  de¬ 
viates  from  a  straight  line  and  the  SEW  model. 

The  numerical  calculation  of  Eq.  (1)  was  carried  out 
according  to  the  SCR  theory  [see  Eqs.  (6),  (9),  and  (10)  of 
Ref.  6]  based  on  the  electron  gas  approximation  and  ^^1, 


TABLE  I.  Basic  parameters  of  Fe2N  and  other  typical  itinerant  ferromagnets:  p,  is  the  zero-temperature 
moment  [per  transition-metal  (TM)  atom],  b  is  the  slope  of  the  curve  at  T =0,  C  is  the  Curie 

constant  above  Tc ,  and  p,  is  the  effective  moment  deduced  from  the  Curie  constant. 


FejN 

ZrZn; 

NijAl 

Sc3ln 

N'0  42»Pf 

p,  (pg/TM  atom) 

0.06 

0.112 

0.077 

0.045 

0.051 

Tc(K) 

7 

16.9 

40.6 

5.5 

23 

b  (10"^  emuVg’Oe) 

6.4 

0.16 

0.517 

0.21 

0.124 

C  (10*^  emu  K/g) 

0.74 

0.094 

0.231 

0.267 

Pf  (pg/TM  atom) 

1.2 

0.65 

0.39 

0.26 

0.88 

PjP> 

20 

5.4 

5.1 

5.8 

17.2 

a 

1.000  267 

1.00093 

1.00044 

1.000 15 

1.000  19 

ATo  (10"’  emu/gOe) 

1.1 

0.10 

0.062 

0.11 

0.145 
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FIG.  4.  Magnetization  M(H,T)  as  a  function  of  the  temperature  at  various 
fields.  Solid  lines  are  fitted  to  the  SCR  theory  and  the  dashed  lines  are  fitted 
to  the  SEW  model. 


using  the  a  value  detenniftsd  above.  The  cutoff  wave  vector 
qc  is  chosen  as  v5.  The  best  fit  with  the  experimental  data  is 
obtained  when  7/?= 1.52X10^  K. 

According  to  both  models,*  the  Curie  temperature  can  be 
determined  by  the  following  equations; 

/  a-1 

^*^~\^902al  ^  theory, 

and 

^c=  — —  7'f=245  K  for  SEW  model. 

It  is  easy  to  see  that  the  SCR  theory  estimation  is  very  close 
to  the  experimental  value,  7  K,  determined  from  Fig.  3, 
while  the  SEW  model  gives  an  estimation  about  40  times 
larger. 

The  calculated  M(H,T)-\s-T  curves  (solid  line)  and  the 
experimental  data  are  shown  in  Fig.  4.  They  are  in  very  good 
agreement  over  a  wide  field  range.  This  is  the  second  ex¬ 


ample  which  shows  good  fit  with  the  SCR  theory  among  all 
weak  itinerant  magnets  known  update  besides  the  first  one 
(So3ln)  reported  earlier.®  For  comparison,  the  M(H,T)  curve 
from  the  SEW  model  is  also  drawn  in  Fig.  4  (dashed  lines): 
it  deviates  obviously  from  experiments  when  . 

Takeuchi  and  Ma';uda®  calculated  the  M(H,T)  curve  of 
Sc3ln  by  the  SCR  theory,  which  coincides  excellently  with 
experiments.  However,  their  Tp  value  from  the  M(0,T) 
curve  is  ten  times  smaller  than  the  value  obtained  from  the 
M(H,T)  curve  at  H=5  and  10  kOe,  i.e.,  2.07X10'*  K  and 
2.2X10*  K,  respectively.  They  considered  that  this  discrep¬ 
ancy  probably  resulted  mainly  from  the  oversimplified  as¬ 
sumption  of  the  electron  gas  model.  For  Fe2N,  the  largest 
difference  of  Tp  obtained  from  M(0,r)  and  M{H,T)  mea¬ 
surement  is  within  20%.  This  indicates  that  the  field  and 
temperature  dependence  of  its  magnetization  can  be  well  de¬ 
scribed  by  the  SCR  theory  and  electron  gas  approximation. 

In  summary,  it  is  shown  that  Fe2N  is  a  uniform,  very 
weak  itinerant  ferromagnet,  close  to  the  Stoner  criterion.  Its 
fc  and  zero-temperature  magnetic  moment  are  among  the 
smallest  compared  to  other  WIF  (Table  I).  However,  stron¬ 
gest  effect  of  spin  fluctuation  is  observed  for  Fe^N  as  shown 
by  the  large  effective  moment  determined  from  the  Curie 
constant  above  Tc  ■  Fe2N  has  the  largest  ratio  pJPs  among 
all  WIF  known  to  date.  As  shown  in  this  paper  the  SCR 
theory  and  electron  gas  approximation  interpret  the  thermo- 
magnetic  properties  of  Fe2N  over  a  rather  wide  field  and 
temperature  range  both  below  and  above  T^.  The  SEW 
theory  holds  when  T<Tg,  but  deviates  at  T^  Tc,  indicating 
that  the  spin  fluctuation  and  its  interaction  play  significant 
role. 
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Isoeiectronic  early  n-d  impurities  in  Fe:  Magnetic  and  hyperfine  field 
properties 

N.  A.  de  Oliveira,  A.  A.  Gomes,  and  A.  Troper 

Centro  Brasileiro  de  Pesquisas  Fisicas  (CBPF),  Rua  Dr.  Xavier  Sigaud  150,  22290-180,  Rio  de  Janeiro,  RJ, 

Brazil 

The  hyperfine  fields  and  the  local  magnetic  moments  in  a  series  of  alloys  of  isoeiectronic  transition 
impurities  diluted  in  iron  are  discussed.  We  intend  to  show  that,  even  within  a  very  simplified  model, 
period  effects  for  isoeiectronic  impurities  at  the  beginning  of  an  n-d  series  (e.g..  Sc,  Y,  and  Lu)  arc 
dominated  by  the  charge  difference  effect,  inducing  a  very  strong  repulsive  potential.  We  find  that 
the  local  impurity  magnetic  moments  are  very  close  to  each  other,  leading  to  hyperfine  fields,  in  fair 
agreement  with  experimental  data.  Our  calculation  accounts  for  the  general  trends  of  the  local 
impurity  moments  in  ferromagnetic  Fe,  despite  quantitative  deviations  that  do  occur,  due  to  the  very 
simple  stmcture  of  this  model.  We  point  out,  however,  that  our  calculation  is  a  starting  point  for  a 
more  refined  one,  dealing  with  rare-earth  impurities  (such  as  Eu,  Gd,  and  Tb)  placed  in  the  Fe  host, 
where  the  strong  charge  effects  are  present,  together  with  /-spin  scattering. 


We  focus  our  interest  in  Sc,  Y,  and  Lu  elements,  which 
are  isoeiectronic  d  impurities  at  the  beginning  of  a  transition 
series,  diluted  in  a  Fe  host  to  study  comparatively  the  relative 
importance  of  period  effects  and  the  charge  difference  be¬ 
tween  the  host  and  impurity.  This  study  is  a  first  step  to 
discuss  theoretically  the  whole  series  of  rare-earth  elements 
diluted  in  Fe,  like  GdFe  and  EuFe  where  some  controversial 
experimental  data  were  obtained.'’^  In  the  EuFe  case,  addi¬ 
tional  interest  is  connected  to  the  Eu  valence  and  its  effect  on 
the  hyperfine  field.  Within  a  classical  Koster-Slater  formu¬ 
lation,  the  impurity  problem  in  magnetic  hosts  has  been  dis¬ 
cussed  many  years  ago^  for  3d  impurities  in  Fe.  The  change 
in  sign  of  the  impurity  d  magnetic  moment  with  respect  to 
the  host  moment  could  then  be  explained.^"® 

Since  intense  experimental  effort  has  been  made  to  mea¬ 
sure  the  magnetic  and  hyperfine  field  properties  in  such  di¬ 
luted  alloys,^  we  decided  to  describe  the  observed  properties 
within  the  simplest  possible  theoretical  framework.  The  mo¬ 
tivation  is  to  check  to  which  level  our  calculation  gives  a 
qualitative  description  of  the  experimental  data.  In  particular, 
the  case  of  Eu  impurities  diluted  in  Fe  may  be  understood 
only  by  including  the  possibility  of  valence  changes  and 
thereby  an  orbitally  induced  hyperfine  field. 

The  main  difference  between  this  work  and  Ref.  3  is  that 
here  we  phenomenologically  introduce  the  polarization  of 
the  s-p  host  conduction  band,  taking  it  as  being  antiparallel 
to  the  d  host  magnetization  So,  we  put® 

mc  =  -amj,  (1) 

where  a  is  a  parameter  obtained  from  a  fitting  of  the  s-p 
conduction-electron  polarization  in  transition  metals;  this 
corresponds  to  a=0.08. 

At  the  impurity  site,  the  total  magnetization  m(0)  is 
given  by  the  sum  of  the  impurity  d  moment  ih^{0)  and  the 
s-p  magnetization  written  above.  Then 

m{0)=ma{0)+m''^.=ihj{0)-amj.  (2) 

Strictly  speaking,  the  inclusion  of  the  s-p  contribution  intro¬ 
duces  a  small  shift  in  the  local  moment,  relevant  mainly 


around  the  change  in  sign  of  the  impurity  moment.  However, 
the  importance  of  the  s-p  contribution  concerns  the  hyper¬ 
fine  field. 

The  Hamiltonian  of  Ref.  3  is  generalized  here  in  order  to 
include  the  change  in  Coulomb  interaction  due  to  period 
effects^: 

i;V  ia 

+  1  Tjfclc,,,  (3) 

ijor 

where  7'|“^  ia=d,  c=s-p)  are  the  hopping  terms,  and  U  is 
the  host  d-band  Coulomb  repulsion  taken  as  1.1  in  units  of 
the  band  width.  At/  =  U'f/  -  U^^',  n~4  and  5,  is  the 
change  in  Coulomb  correlation  at  the  impurity  site  (located 
at  the  origin)  due  to  period  effects.  The  numerical  values 
were  taken  -0,8  and  -1.0,  respectively,  for  4d  or  5d  impu¬ 
rities. 

The  c/p.  and  c,^  create  and  destroy,  respectively,  elec¬ 
trons  in  the  wide  s-p  band  whereas  d]„  and  are  creation 
and  annihilation  operators  for  electrons  in  the  correlated  and 
narrow  d  band.  A  Hartree-Fork  description  is  assumed  ab 
initio  and  /lo-a  =  is  the  d  occupation  number  at 

the  origin  of  electrons  with  spin  -a.  The  solution  of  the 
Hamiltonian  given  by  Eq.  (3)  is  made  as  in  Refs.  3  and  7, 
i.e.,  via  the  solution  of  the  Koster-Slater  problem.  The  next 
step  is  to  ootain  the  Friedel  sum  rule  for  both  spin-dependent 


T.\BLE  I.  Calculated  hyperfine  fields  (in  kG)  for  isoeiectronic  impurities 
Sc,  Y,  and  Lu  in  Fe.  The  experimental  data  are  collected  from  Refs.  2, 4,  and 
5. 


Experimental 

data 

Theoretical  calculation 

Total  hyperfine 
field 

s-p  contribution 

d  contribution 

ScFe 

-120 

-129.2 

6.1 

-123.1 

Yfe 

-260 

-282.2 

48.4 

-233.8 

LuFe 

-610 

-796.8 

130.0 

-666.8 
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TABLE  n.  Calculated  local  moments  (in  Bohr  magnetons)  for  isoelectronic 
impurities  Sc,  Y,  and  Lu  in  Fe.  For  comparison,  the  fitst-piinciples  results 
for  the  same  ^Fe  systems  (T=Sc,  Y,  and  in  Lu)  performed  in  Refs.  4  and  5. 


First-principles 

calculation 

Present  calculation 

s-p  moment 

d  moment 

Total  moment 

ScFe 

-0.30 

-0.16 

-0.16 

-0.32 

YFe 

-0.20 

-0.16 

-0.16 

-0.32 

LuFe 

-0.20 

-0.16 

-0.17 

-0.33 

local  potentials  and  the  difference  between  these 
Hartree-Fock  potentials  and  the  occupation  numbers. 

The  hyperfine  fields  are  estimated  using  the  Fermi- 
Segre  coupling  constants  and  the  core  polarization  terms 
given  in  Ref.  8.  We  emphasize  the  very  simplified  content  of 
these  descriptions,  in  spite  that  our  results  are  quite  satisfy¬ 
ing  as  shown  in  Ihbles  I  and  11. 

In  particular,  from  Table  II  we  note  that  the  local  mag¬ 
netic  moments  of  Sc,  Y,  and  Lu  are  very  close,  thus  support¬ 
ing  the  idea  that  the  important  effect  is  the  charge  difference 
between  the  host  and  impurity.  Then  period  effects  are  al¬ 
most  wiped  out  in  these  early  isoelectronic  transition  ele¬ 
ments  by  the  charge  difference  effect. 

However,  if  one  refines  the  present  calculation,  in  this 


same  tight-binding  scheme,  to  include  the  difference  in  hop¬ 
ping  between  the  impurity  and  next  neighbor  atoms,  numeri¬ 
cal  values  of  the  magnetic  moment  can  be  improved  for  Y 
and  Lu.  This  correction  accounts  for  the  difference  in  the 
radial  extent  of  the  wave  functions  at  the  beginning  and  end 
of  the  n-d  series. 

Concerning  experimental  data,  it  should  be  noted  that 
local  magnetic  moments  are  obtained  from  neutron  diffrac¬ 
tion  experiments  with  an  accuracy  less  than  those  obtained 
for  the  hyperfine  fields.  In  view  of  that,  our  present  model 
accounts  satisfactorily  for  the  observed  hyperfine  data,  as 
shown  in  Table  I. 

Finally,  calculations  for  magnetic  and  hyperfine  proper¬ 
ties  for  GdFe  and  EuFe  alloys,  using  LuFe  results  as  a  start¬ 
ing  point,  are  now  in  progress.^ 

'H.  Bemas,  Phys.  Rev.  B  16,  596  (1977). 

^Sec,  for  instance,  G.  N.  Rao,  Hyperfine  Int.  24-26,  1119  (1985). 

^I.  A.  Campbell  and  A.  A.  Gomes,  Proc.  Phys.  Soc.  London  '1, 391  (1967). 
^H.  Akai,  M.  Akai,  S.  Blugel,  B.  Drittler,  H.  Ebert,  K.  Terakura,  R.  Zeller, 
and  P.  H.  Dederichs,  Prog.  Theor.  Phys.  Suppl.  101,  11  (1990),  and  refer¬ 
ences  therein. 

*P.  H.  Dederichs,  R.  Zeller,  H.  Akai,  and  H.  Ebert,  J.  Magn.  Magn.  Mater. 
100,  261  (1991),  and  references  therein. 

‘a.  Troper,  X.  A.  da  Silva,  A.  P.  Guimaraes,  and  A.  A.  Gomes,  J.  Phys.  F  S, 
160  (1975). 

’C.  E.  Leal,  0.  L.  T.  de  Menezes,  and  A.  Troper,  Physica  130B,  443  (1985). 
«L  A.  ampbell,  J.  Phys.  C  2,  1338  (1969). 

’N.  a.  de  Oliveira,  A.  A.  Gomes,  and  A.  Troper  (unpublished). 
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Gardner  etal.  have  made  measurements  of  the  magnetic  susceptibility  in  a  large  range  of 
temperature  for  a  complete  series  of  RPd^  compounds  (/?=rare  earths).  Some  band  structure 
calculations  exist  on  LaPd3  and  CePd3.  However,  the  question  of  magnetic  ordering  has  not  been 
addressed  in  existing  theoretical  work.  With  a  view  to  understand  the  magnetic  behavior  of  these 
compounds  we  have  performed  self-consistent  band  structure  calculations  for  LaPd3,  CePd3,  PrPd3, 
and  NdPd3.  Our  calculations  predict  magnetic  ordering  only  in  PrPd3  and  NdPd3  and  hence  are 
consistent  with  the  experimental  findings. 


I.  INTRODUCTION 

Rare-earth  (R)  metals  and  compounds  are  known  to  pos¬ 
sess  very  interesting  and  complicated  magnetic  properties.  ‘ 
The  magnetic  ordering  in  RPd3  compounds  has  been  studied 
experimentally  by  Gardner  et  al?  and  Elsenhans  et  al?  With 
a  view  to  understand  this  experimental  data,  we  have  calcu¬ 
lated  the  electronic  structure  of  some  RPd3  compounds  with 
R=La,  Ce,  Pr,  and  Nd.  The  series  of  intermetallic  rare-earth 
compounds  RPd^  has  the  CU3AU  structure  with  Pd  atoms  at 
the  face  centers  and  R  atoms  at  the  comer  of  the  cube.  We 
have  studied  the  ground-state  properties  of  these  compounds 
and  tried  to  explore  the  magnetic  ordering  in  these  using  the 
Stoner  criterion.  Our  calculations  also  give  the  systematics  of 
various  band  parameters  (e.g.,  effective  masses  and  band- 
widths)  as  we  progress  through  the  first  four  members  of 
/?Pd3  series. 

Earlier  leading  theoretical  work  on  these  compounds  in¬ 
cludes  that  by  Koenig  and  Khan  (KK),‘*  and  Yanase  and  Ha- 
segawa  (YH).*  CePd3  has  a  large  residual  resistivity  pg  and 
its  resistivity  p(T)  shows  a  maximum  at  110  K  with  a  nega¬ 
tive  dp/dT  at  high  temperature.  Experiments  show  that  small 
amounts  of  La,  when  Ce  is  replaced  by  La,  halt  the  rapid 
drop  in  p(T)  below  110  K.  YH  (Ref.  5)  have  tried  to  explain 
the  large  residual  resistivity  of  CePd3  as  being  due  to  the 
small  Fermi  surface  sheets  arising  from  4/  electrons.  They 
have  performed  the  calculations  using  the  full  potential  lin¬ 
ear  augmented  plane  wave  method.  KK  (Ref.  4)  have  per¬ 
formed  extensive  linear  muffin-tin  orbital  (LMTO)  calcula¬ 
tions  for  LaPd5  and  CePd3  exploring  the  effects  of  spin-orbit 
(SO)  coupling,  and  treatment  of  4/  states  and  5p  orbitals. 
They  have  calculated  the  optical  conductivity  for  LaPd3  and 
CePd3.  No  electronic  structure  calculations  appear  to  exist 
for  PrPd3  and  NdPd3. 

II.  METHOD  OF  CALCULATION 

We  have  used  the  scalar  relativistic  LMTO  method®’’  in 
which  all  relativistic  terms  except  SO  interaction  have  been 
included.  KK  (Ref.  4)  have  observed  that  the  overall  effect  of 
including  SO  interaction  is  rather  secondary  as  most  of  the 
data  can  be  explained  without  it.  We  have  taken  the  5p  or¬ 


bitals  of  R  atoms  in  the  frozen  core.  Calculations  are  per¬ 
formed  at  the  experimental  value  of  4.235  A  and  4.126  A  of 
the  lattice  constant  for  LaPd3  [as  quoted  by  KK  (Ref.  4)]  and 
CePd3,*  respectively.  For  PrPd3  and  NdPd3  the  calculations 
were  performed  at  a  lattice  constant  of  4.126  A,  which  is 
close  to  the  experimental  values  of  4.1300  and  4.1181  A, 
respectively.^  We  have  used  equal  Wigner-Seitz  (WS)  radii 
(S)  at  the  R  and  Pd  sites.  KK  (Ref.  4)  show  that  the  /  states 
of  Pd  are  not  very  important.  We  have  therefore  used  angular 
momentum  expansion  up  to  the  /  states  in  R  atom  and  up  to 
the  d  states  in  Pd  atoms.  This  results  in  a  43X43  matrix, 
which  speed  up  the  computation.  We  have  used  84  k  points 
for  the  Brillouin  zone  summations  for  which  the  tetrahedron 
method’  has  been  used.  The  exchange-correlation  potential 
used  is  the  Barth-Hedin  potential.” 


III.  RESULTS  AND  DISCUSSION 


To  get  insight  into  the  band  structure  of  these  com¬ 
pounds,  we  have  calculated  some  important  band  parameters 
(Table  I),  p,  and  W  are  the  self-consistently  calculated  effec¬ 
tive  mass  and  bandwidth,  respectively,  which  can  be  calcu¬ 
lated  in  terms  of  standa’-d  potential  parameters.’  W,,  is  the 
unhybridized  bandwidth  that  may  be  calculated  using  the 
canonical  band  theory."  A  comparison  of  W  with  W,i  en¬ 
ables  one  to  analyze  quantitatively  the  effect  of  hybridization 
on  the  bandwidths.  For  the  unhybridized  band  of  atom  t  and 
orbital  quantum  number  /,  the  bandwidth  W,i  is  given  by" 


and 


A„=l/[/i„S?(5/5,)’'^‘] 


with  n,;=(2/+  l)n,;  «,=number  of  t  type  of  atoms  in  the 
unit  cell;  S,=WS  radius  of  r-type  atomic  sphere;  p,i  is  the 
corresponding  effective  mass,  and  is  the  second  mo¬ 
ment  of  the  canonical  tl  band  and  in  simplified  form  is  given 
by" 


[4(?/+l)^](4/)! 

'  (2/)!(2/)! 
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TABLE  I.  /X,  effective  mass  (in  atomic  units);  IT,; ,  the  canonical  bandwidth  (in  mRy);  W,  the  calculated  bandwidth  (in  mRy);  t)  (= IT/IT,;);  and  Vt  the  ideal 
ratio  for  /  states  of  R  'atom  and  d  states  of  Fd  atom. 


Compound 

R.f 

Pd-d 

A 

W 

V 

V 

A 

W 

V 

V 

LaPdj 

49.0 

4.0 

731 

184.7 

15.98 

8.4 

231 

304 

1.32 

1.21 

CePdj 

33.7 

6.1 

154 

25.4 

15.98 

7.9 

258 

339 

1.32 

1.21 

PrPdj 

34.7 

5.9 

109 

18.4 

15.98 

7.9 

259 

340 

1.32 

1.21 

NdPdj 

39.1 

5.2 

92 

17.6 

15.98 

7.9 

258 

340 

1.32 

1.21 

where  P„,  is  the  number  of  nearest  neighbors  of  a  r  atom  of 
the  same  kind  and  is  the  distance  of  this  r-type  atom  from 
these  nearest  neighbors.  The  details  of  such  a  calculation  for 
calculating  W,i  for  Chi3Au  structures  are  given  in  the  work  of 
Podgoray.’^  We  used  S,/S=l  as  WS  radii  are  the  same  at 
both  the  sites,  rj  is  the  ratio  of  the  calculated  bandwidth  and 
canonical  bandwidth,  whereas  rj  is  the  ideal  ratio  when  there 
i:  no  difference  between  the  two  kinds  of  atoms.  Thus  a 
comparison  of  17  and  ^  is  a  good  measure  of  degree  of  hy¬ 
bridization  in  a  compound.  As  expected  for  these  com¬ 
pounds,  the  effective  mass  for  the  /  electrons  is  very  high 
and  canonical  bandwidths  very  small.  Our  results  show  that 
there  is  broadening  of  the  /  bands  of  R  atoms  and  d  bands  of 
Pd  atoms,  when  rf>r).  The  broadening  for  the  d  states  of  Pd 
remains  almost  the  same  for  all  these  compounds.  However, 
in  the  case  of  LaPd3,  the  /  states  of  the  La  atom  seem  to  be 
very  sensitive  to  the  presence  of  Pd  atoms.  This  sensitivity  is 
much  less  in  CePd3  and  decreases  as  one  goes  to  PrPd3  and 
NdPd3. 

The  /-projected  charge  occupancy  and  density  of  states 
(DOS)  are  presented  in  Table  II.  It  shows  that  there  is  little 


difference  in  the  ionicities  at  the  R  sites  and  the  Pd  sites  in 
the  various  compounds.  In  each  compound  more  than  one 
electron  is  lost  by  the  R  atom  to  the  three  Pd  atoms  in  the 
unit  cell.  This  is  in  accordance  with  Pauling’s  electronega¬ 
tivity  difference.  Interestingly,  the  magnitude  of  this  charge 
transfer  is  quite  large  compared  to  that  in  relatively  simpler 
systems  such  as  transition-metal  compounds,  e.g.,  Ni3A'  (X 
=A1,  Fe,  Mn)  (Ref.  13),  where  the  difference  of  the  elec¬ 
tronegativity  of  the  two  constituents  is  much  smaller.  The 
charge  occupancies  from  KK  (Ref.  4)  (not  listed  in  Table  II) 
are  in  good  agreement  with  ours.  Inclusion  of  Pd  /  states  in 
KK’s  work  does  not  make  an  appreciable  difference. 

Since  the  DOS  versus  energy  curve  from  cur  work  is  in 
good  agreement  with  that  from  KK  (Ref.  4)  for  LaPd3  and 
CePd3,  we  decided  not  to  show  *he  curves  here.  The  angular 
momentum  and  site-resolved  DOS  shows  a  very  fast  rise  for 
/  states  at  the  R  site  as  one  goes  through  this  series.  Thus  the 
derived  coefficient  of  electronic  specific  heat  y  is  large  for 
PrPd3  and  NdPd3.  The  y  value  for  LaPd3  from  this  work  as 
well  as  from  KK  (Ref.  4)  is  nearly  eight  times  the  experi¬ 
mental  value. This  is  not  the  usual  case  with  theory,  and 


TABLE  II.  Calculated  ground  slate  properties  of  RPd)  compounds. 


LaPdj 

CePdj 

PrPd, 

NdPdj 

tig.i  (electrons) 

0.26 

0.31 

0.31 

0.32 

ng.p  (electrons) 

0.19 

0.22 

0.22 

0.23 

np.4  (electrons) 

1.04 

1.26 

1.23 

1.19 

ttp./  (electrons) 

0.26 

0.99 

2.07 

3.12 

lonicity  of  R 

1.23 

1.22 

1.16 

1.14 

npj.,  (electrons) 

0.75 

0.76 

0.75 

0.75 

"fd  p  (electrons) 

0.62 

0.74 

0.70 

0.69 

n?i.d  (electrons) 

9.04 

8.91 

8.93 

8.94 

lonicity  of  Pd 

-0.41 

-0.40 

-0.38 

-0.36 

Nfi,,  (states/Ry  atom) 

0.79 

0.11 

0.18 

0.62 

Ng.p  (states/Ry  atom) 

0.23 

0.20 

0.43 

0.95 

Nn.d  (states/Ry  atom) 

1.61 

0.69 

2.82 

3.60 

Np./  (states/Ry  atom) 

0.18 

63.24 

906.73 

1214.89 

Nfi;  (states/Ry  atom) 

0.63 

0.13 

1.63 

0.97 

Sf^p  (states/Ry  atom) 

1.97 

1.22 

3.35 

4.27 

Nti.d  (states/Ry  atom) 

0.79 

0.91 

13.75 

15.50 

N(Ef)  (states/Ry  unit  cell) 

12.% 

71.01 

966.35 

1240.80 

y  (mJ  mol"*  K*^) 

2.24 

12.28 

167.36 

214.92 

y  (mJ  moP'  K'^)* 

2.2 

5.9 

y{m}  raoP*  K"^)*’ 

2.5 

^(inJ  moP*  K'^)' 

0.28 

38.6 

Stoner  product  \N{Ef) 

0.06 

o.% 

16.64 

25.04 

B  (MBar) 

1.17 

1.60 

1.39 

1.38 

‘Reference  4  (theory). 
'’Reference  5  (theory). 
Tteference  14  (experiment). 
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perhaps  suggests  the  need  for  a  higher  level  of  sophistication 
for  such  calculations.  The  calculated  y  values  for  CePd3, 
however,  are  less  than  the  experimental  value  and  give  a 
large  enhancement  factor  of  \=2.1,  5.6,  and  14  for  this 
work,  KK  (Ref.  4)  and  YH  (Ref.  5),  respectively.  Differences 
in  the  total  DOS,  N(Ef),  values  determined  from  the  three 
calculations  is  understandable  as  the  Fermi  level  (Ep)  lies 
near  a  very  sharp  peak  [Fig.  3  of  KK  (Ref.  4)],  where  the 
DOS  changes  very  fast  for  a  small  shift  in  Ep. 

The  /?Pd3  compounds  form  an  interesting  series  in  terms 
of  their  magnetic  ordering  behavior.  Elsenhans  etal?  de¬ 
tected  unusual  magnetic  ordering  phenomenona  by  system¬ 
atic  neutron  scattering  experiments  on  some  members  of  this 
series  in  the  temperature  range  7  mK^T^SOO  K.  In  an  effort 
to  verify  the  consistency  of  our  calculations,  we  have  exam¬ 
ined  the  Stoner  criterion  for  these  compounds.  The  multi¬ 
band  Stoner  product  IN(E p),  where  /  is  the  Stoner  parameter 
and  N{Ep)  ij  total  DOS,  appropriate  for  compounds  is  de¬ 
fined  by*® 

where  the  interatomic  exchange  integrals  /,;/<  are  evaluated 
self-consistently;  and  N,i  is  the  site  and  angular  momentum 
resolved  DOS/spin.  The  calculated  Stoner  products  are  dis¬ 
played  in  Table  II.  We  obtain  lN(Ep)<l  for  LaPd3  and 
CePd3,  indicating  absence  of  magnetic  ordering  in  these 
compounds  which  is  in  agreement  with  experiment.^  The 
Stoner  product  is  >1  for  PrPd3  and  NdPd3,  implying  the 
likelihood  of  magnetic  ordering.  Experiments^  show  that 
PrPd3  and  NdPd3  are  affected  at  low  temperatures  by  the 
presence  of  crystal  field.  Magnetic  measurements  reveal  that 
PrPd3  shows  the  onset  of  antiferromagnetic  ordering  at  1.05 
K.  The  reciprocal  susceptibility-versus-temperature  curve  for 
NdPd3  shows  a  negative  intercept,  suggesting  the  presence  of 
a  small  antiferromagnetic  exchange  interaction  in  NdPd3.^ 
Measurements  by  Elsenhans  et  al}  establish  NdPd3  as  hav¬ 
ing  an  incommensurate  magnetic  ordering  and  estimate  the 
Neel  temperature  of  NdPd3  as  0.73  ±0.02  K.  Simple  calcula¬ 
tions  such  as  ours  do  not  determine  the  type  of  magnetic 
ordering.  Nevertheless,  they  are  consistent  with  the  experi¬ 
ments.  Because  of  the  antifenomagnetic  ordering  in  these 
compounds,  very  large  calculated  values  of  total  DOS  for 
PrPd3  and  NdPd3  are  not  alarming.  It  is  well  known*®  that 
performing  the  calculations  for  the  actual  antiferromagnetic 
configuration  would  result  in  a  dramatic  drop  in  N{Ep)  be¬ 
cause  of  the  creation  of  a  gap  in  the  antiferromagnetic  phase. 

We  also  performed  a  calculation  on  these  compounds  for 
an  expanded  lattice  to  obtain  a  coarse  estimate  of  the  bulk 
modulus  of  these  compounds  as  B=  -  VAPI^V  (P 
=pressure  and  V= volume).  The  estimated  values,  given  in 
Table  II,  consistently  lie  between  those  for  metals  R  and  Pd. 
The  LMTO  method  is  known  to  give  a  good  estimate  of  the 


ground-state  properties  for  compounds.*’  Hence  we  expect 
these  values  to  be  reasonably  accurate.  Unfortunately,  as  far 
as  we  know,  the  value  of  B  for  these  compounds  has  not  yet 
been  measured. 

IV.  CONCLUSIONS 

We  presented  the  systematics  of  some  ground-state  prop¬ 
erties  of  the  RPd3  (R=La  Ce,  Pr,  and  Nd)  compounds.  The 
calculations  are  for  the  nonmagnetic  phase.  We  obtain  a  very 
large  DOS  for  NdPd3  and  PrPd3,  which  shows  that  the  non¬ 
magnetic  phase  is  unstable  to  the  formation  of  a  magnetic 
compound.  The  Stoner  product  <1  for  LaPd3  and  CdPd3 
implies  absence  of  magnetic  ordering.  The  results  are  consis¬ 
tent  with  the  experiments’’®  that  show  the  lack  of  magnetic 
ordering  for  LaPd3  and  CePd3  and  antifenomagnetic  order¬ 
ing  for  PrPd3  and  NdPd3.  tj,  the  ratio  of  calculated  band- 
widths  with  the  canonical  bandwidths,  is  greater  than  tj  for 
all,  indicating  broadening  of  bands.  The  hybridization  has 
maximum  impact  on  the  rare-earth  /  state  {r}/v)R-f 
>iv/v)?d-d  with  different  magnitude  in  each  compound.  In¬ 
terestingly,  however,  the  broadening  of  ?d-d  states  in  all 
these  compounds  is  the  same.  Location  of  the  Fermi  level  on 
a  sharp  peak  explains  the  difference  in  the  DOS  values  for 
CePd3  from  this  work  and  earlier  works.'*’®  We  have  also 
presented  an  estimate  for  the  bulk  modulus  of  these  com¬ 
pounds. 
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Dhar  et  al.  [J.  Phys.  F 18,  L41  (1988);  and  Proceedings  of  the  International  Conference  on  Strongly 
Correlated  Electron  Systems  Sendai,  Japan,  1992  (Plenum,  New  York,  1987)]  have  recently 
measured  the  low-temperature  specific  heat  of  YbSbPd  and  YbSbNi.  Their  measurements  yield  large 
values  for  the  specific  heat  coefficient  (1384  states/Ry  cell  for  YbSbPd  and  865  states/Ry  cell  for 
YbSbNi),  and  suggest  a  magnetic  transition  at  low  temperature.  With  a  view  to  understand  the 
ground  state  of  these  compounds,  we  have  performed  self-consistent  scalar  relativistic  linear 
mufiin-tin  orbital  band  structure  calculations.  Our  paramagnetic  calculations  for  YbSbPd  and 
YbSbNi  give  the  density  of  the  states  at  Fermi  level  to  be  82.94  and  27.96  states/Ry  cell, 
respectively.  These  give  enhancement  factors  of  16.7  and  30.1  for  YbSbPd  and  YbSbNi.  We  present 
results  of  our  calculations  of  the  band  structure  as  well  as  the  Stoner  I  parameter  for  these 
compounds. 


INTRODUCTION 

The  properties  of  Yb-based  ternary  rare-earth  com¬ 
pounds,  characterized  by  4/  shell  conduction  band  hybrid¬ 
ization,  have  been  studied  extensively  in  recent  years  (see, 
for  example.  Ref.  1).  One  expects  and  does  see  many  of  the 
interesting  Kondo  related  properties.  These  materials  have 
been  broadly  classified  as  valence  fluctuators,  Kondo  lattices, 
and  heavy  fermions.  These  compounds  are  characterized  by 
an  enhanced  electronic  coefficient  of  heat  capacity  y,  found 
to  be  an  order  of  magnitude  larger  than  that  in  ordinary  met¬ 
als.  Keeping  in  view  the  importance  of  these  rare-earth  com¬ 
pounds  and  the  fact  that  several  interesting  physical  proper¬ 
ties  in  YbSbPd  and  YbSbNi  have  recently  been  reported,^ 
we  present  scalar  relativistic  band  structure  calculations 
within  the  local  density  approximation  (LDA),  using  the  lin¬ 
ear  muffin-tin  orbital  (LMTO)  method  in  the  atomic  sphere 
approximation'*’^  (ASA)  for  these  two  compounds. 

The  salient  features  of  these  two  compounds  are  (i)  Yb 
ions  are  trivalent,  (ii)  their  electrical  resistivity  shows  an 
overall  metallic  behavior  with  large  magnitude,  (iii)  their 
heat  capacity  shows  appreciable  magnetic  field  dependence, 
(iv)  YbSbNi  is  a  possible  low  carrier  heavy-fermion  com¬ 
pound  as  compared  to  YbSbPd,  and  (v)  both  the  compounds 
crystallize  in  the  MgAgAs  structure.*'^  The  cubic  MgAgAs 
structure  consists  of  the  interpenetrating  face-centered-cubic 
lattices  with  different  atoms  lying  along  the  body  diagonal  at 
(Ul),  (0,0,0),  and  (1,1,2). 

In  this  article,  we  discuss  our  method  of  calculation  in 
Sec.  11,  and  results  and  discussions  are  given  in  Sec.  III. 
Conclusions  are  given  in  Sec.  IV. 

METHOD  OF  CALCULATION 

The  self-consistent  LMTO-ASA  method  has  been  used. 
The  calculations  are  performed  serairelativistically  for  89  k 
points  in  the  irreducible  Brillouin  zone  using  the  von  Barth- 
Hedin  exchange  correlation  potential.®  Within  spheres 
around  each  atomic  center  the  wave  function  is  expanded  in 
muffin-tin  orbitals  with  the  basis  set  of  s,  p,  and  d  orbitals. 


except  for  the  Yb  atom  for  which  s,  p,  d,  and  /  orbitals  are 
chosen.  Because  of  the  open  nature  of  the  MgAgAs  structure 
an  empty  sphere  is  included  on  the  vacant  site  (5,5,5).  We 
have  performed  calculations  for  the  lattice  constant  of  6.2369 
A  for  both  the  compounds,®  and  for  simplicity  the  Wigner- 
Seitz  radii  for  all  atoms  are  taken  to  be  equal  (1.5356  A). 
Both  compounds  have  29  electrons  [16  of  Yb,  3  of  Sb,  10  of 
X  (Y^Pd  or  Ni)]  in  the  valence  states.  The  Yb  f  electrons 
are  treated  as  valence  electrons.  Although  there  is  contro¬ 
versy  in  literature  concerning  the  treatment  of  the  f  electrons 
of  Yb  in  the  LDA,  we  have  adopted  the  simplest  approach 
(as  done  by  other  workers.*®'"  The  density  of  states  (DOS)  is 
calculated  using  the  variation  of  the  linear  tetrahedral 
method  prescribed  by  Jepsen  and  Andersen.’^ 

RESULTS  AND  DISCUSSIONS 

The  band  structures  calculated  along  the  symmetry  di¬ 
rection  are  shown  in  Figs.  1  and  2,  respectively,  for  YbSbPd 
and  YbSbNi.  Bands  from  4  to  18  are  plotted  for  YbSbPd  and 
for  YbSbNi  5  to  20  bands  are  plotted  to  keep  the  figures 
manageable.  For  both  the  compounds  the  bands  near  E f  are 


FIG.  1.  Band  structure  of  YbSbPd. 
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FIG.  2.  Band  structure  of  YbSbNi. 


very  flat,  predicting  a  large  contribution  from  the  /  bands  of 
Yb.  In  the  case  of  YbSbPd  the  bands  near  (£^=-0.177 
Ry)  are  more  flat  as  compared  to  YbSbNi  and  the  bandwidths 
are  smaller,  giving  a  probability  of  higher  DOS  at  the  Fermi 
energy  (£^).  Otherwise  the  band  structures  are  similar.  For 
both  the  compounds  four  bands  (14, 15, 16,  and  17)  cross  the 
Fermi  level  and  the  trend  of  the  bands  at  £/  is  similar;  there¬ 
fore  one  may  expect  similar  Fermi  surfaces.  The  calculation 
for  the  Fermi  surface  topology  and  extremal  areas  of  the 
Fermi  surface  orbits  is  in  progress. 

The  total  density  of  states  (T-DOS)  for  YbSbPd  and 
YbSbNi  are  shown  in  Fig.  3.  The  peak  in  both  figures  at 
different  energy  sites  has  major  contributions  from  different 


FIG.  3.  Total  density  of  states  (TDOS)  (a)  for  YbSbPd  and  (b)  for  YbSbNi. 


angular  momenta  corresponding  to  dilTerent  atoms.  In  case 
of  YbSbPd  [i.e.  Fig.  3(a)]  the  peak  at  -1.3  Ry  is  due  to  the 
s  of  Yb,  at  -0.6  Ry  due  to  the  s  in  Sb,  and  the  next  two 
peaks  at  -0.4  and  -0.3  Ry  have  major  contribution  from  the 
d  states  of  Pd,  and  similarly  for  YbSbNi  [Fig.  3(b)],  the  peak 
at  -1.3  Ry  is  due  to  s  of  at  -0.2  and  -0.18  Ry  are  due 
to  d’s  of  Ni.  In  both  compounds  the  /-decomposed  DOS 
shows  a  dominant  Yb  /  character  near  Ef.  For  both  com¬ 
pounds  the  Ef  lies  on  the  left  of  the  peak  in  T-DOS  curves. 
The  T-DOS  at  in  case  of  YbSbPd  is  82.94  and  27.96 
states/Ry  cell  for  YbSbNi.  These,  when  compared  with  the 
projected  DOS  from  the  heat  capacity  data  (1384  and  865 
states/Ry  cell,  respectively,  for  YbSbPd  and  YbSbNi),  give 
an  enhancement  factor  of  16.7  for  YbSbPd  and  30.1  for  Yb¬ 
SbNi.  These  values  of  enhancement  factors  are  smaller  than 
the  enhancement  factor  of  650  calculated  by  McMullan  and 
Ray"  for  YbBiPt.  The  T-DOS  at  for  YbSbPd  is  found  to 
be  larger  than  that  for  YbSbNi  due  to  the  fact  that  for  Yb¬ 
SbPd  the  bandwidth  of  the  dominating,  Yb  /  electrons  (0.267 
Ry)  is  smaller  than  that  for  YbSbNi  (0.332  Ry).  The  rest  of 
the  bands  have  more  or  less  the  same  bandwidths. 

Our  calculations  give  the  values  of  Stoner  product 
IN{Ef)  to  be  1.083  for  YbSbPd  and  0.284  for  YbSbNi,  re¬ 
spectively.  Therefore,  our  calculations  predict  a  possibility  of 
a  magnetic  ground  state  for  YbSbPd. 

CONCLUSIONS 

We  have  presented  results  of  scalar  relativistic  LMTO- 
ASA  calculations  for  two  Yb-based  compounds  which  are 
known  to  show  heavy-fermion  character.  Band  structures  for 
both  are  quite  similar.  Our  calculations  give  enhancement 
factors  of  16.7  for  YbSbPd  and  30.1  for  YbSbNi,  smaller 
than  that  obtained  for  YbBiPt  by  McMullan  and  Ray."  Since 
all  the  atoms  are  heavy,  there  is  need  to  do  a  relativistic 
LMTO  calculation,  and  this  may  lead  to  change  in  DOS  at 
the  Fermi  energy  and  hence  in  the  enhancement  factor.  We 
have  also  calculated  the  Stoner  /  parameter.  Our  calculations 
show  that  for  YbSbNi,  IN(Ef)  is  smaller  than  1,  while  for 
YbSbPd  it  is  larger  than  1,  suggesting  some  magnetic  ground 
state  in  latter.  However,  relativistic  calculations  need  to  be 
performed  before  one  can  draw  any  definite  conclusions. 
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The  electronic  structures  of  YFei2_;cMo^Ny ,  where  j:=1.0,  2.0  and  >>=0,  0.7,  have  been  studied 
with  photoemission  and  spin-polarized  calculations.  The  peak  near  the  Fermi  level  in  the  energy 
distribution  curves  (EDC)  becomes  successively  broader  with  larger  Mo  concentration.  The  features 
in  the  calculated  density  of  state  at  1.3  and  2.7  eV  are  not  readily  seen  in  the  EDC,  and  this  may  be 
due  to  lifetime  effects  in  these  compounds.  Finally,  changes  in  Curie  temperature  (T^.)  with  the 
change  of  N  or  Mo  concentration  are  compared  with  prediction  of  the  theory  of  Mohn  and 
Wohlfarth.  Reasonable  .  -.ement  is  obtained  in  the  N  case  but  not  in  the  Mo  case,  the  latter  most 
likely  due  to  hybridizatio  i  of  Fe  and  Mo  d  bands. 


I.  INTRODUCTION 

Superior  permanent-magnet  maierials  require  large  satu¬ 
ration  magnetization,  high  Curie  temperature  {T^),  and  large 
uniaxial  anisotropy,  The  best  permanent  magnetic  materials 
are  rare-earth(i?)-transition-metal(r)  compounds.  The  tran¬ 
sition  metals  Fe  and  Co  have  large  magnetic  moments  and 
high  Curie  temperatures,  and  the  R-T  compounds  often  have 
large  uniaxial  magnetic  anisotropies.  The  Fe-rich  ternary 
compound  Nd2Fei4B  has  an  energy  product  as  high  as  45 
MgOe,*"'*  but  the  relatively  low  («»300  °C)  of  this  mate¬ 
rial  limits  its  application.  Permanent-magnet  materials  re¬ 
search  is  currently  investigating  other  Fe-rich  R-T  com¬ 
pounds.  The  RTi2  body-centered-tetragonal  compound  with 
the  ThMni2  structure  does  not  exist  in  the  binary  phase,  but 
the  structure  is  stabilized  with  the  partial  substitution  of  a 
nonmagnetic  element  (A/)  for  Fe.  The  compounds 
RFei2-;fA/^  with  M=Ti,  V,  Cr,  Mo,  W,  and  Si  have  been 
fabricated  and  their  magnetic  properties  examined.*  The  ad¬ 
dition  of  interstitial  nitrogen  increases  the  Curie  temperature 
of  the  materials  and  the  magnetic  anisotropy  may  change.® 
.  or  example,  of  NdFenTi  increases  by  30%  upon  nitrid¬ 
ing  and  the  magnetic  anisotropy  changes  from  in-plane  to 
uniaxial.’ 

The  magnetic  properties  of  the  compound  YFei2-;tMo^ 
with Jt-0.5,  1,  2,  4  have  been  published.®  decreases  with 
increased  Mo  concentration,  and  increases  with  nitriding;  the 
volume  increases  both  with  increased  Mo  and  N  concentia- 
tion.  The  Mo  atoms  substitute  for  Fe  atoms  on  the  (i)  site 
with  the  largest  magnetic  moment.^ 

The  magnetic  properties  of  the  compounds  are  deter¬ 
mined  by  the  electronic  configuration,  and  the  increase  in  T^. 
of  Y2Fe,7  (Ref.  10)  and  NdFenTi  (Ref.  11)  upon  nitridirig 
has  been  modeled  using  electronic  structure  calculations  and 
the  spin-fluctuation  theory  of  Mohn  and  Wohlfarth.*’  Briefly, 

{T,)j^.w=CMllxo,  (1) 

where  Mq  is  the  magnetic  moment  per  Fe  site,  ;^'o  is  the 
enhanced  susceptibility,  and  C  is  a  constant.  In  earlier  work 
the  electronic  structure  of  Sm2Fei7N^  with  y  =  0  and  y  =  2.6 
has  been  measured  with  photoelectron  spectroscopy  (PES), 
and  a  decrease  in  the  density  of  state  (DOS)  at  is  ob¬ 
served  as  nitrogen  is  added  which  agree  with  the  calculated 
DOS.**  In  this  paper  the  electronic  structure  of 


YFej  2  _;tMo_(Ny  with  x = 1 ,  2,  and  y  =  0, 0.7  is  examined  with 
PES,  and  the  calculated  partial  DOS  for  Fe,  Y,  and  Mo  in 
YFejiMo  are  given.  Comparison  with  the  expected  changes 
in  Tc  are  presented. 

II.  EXPERIMENTAL  PROCEDURE 

Bulk  samples  of  YFei2_^Mo^  with  x=l,  2  were  pre¬ 
pared  by  arc  melting  the  elemental  constituents  in  a  water- 
cooled  copper  boat  in  flowing-argon  gas  atmosphere.  All  the 
starting  elements  used  were  at  least  99.98%  purity.  The  al¬ 
loys  were  melted  several  times  to  insure  homogeneity.  The 
samples  were  wrapped  separately  in  Ta  foils  and  heat  treated 
in  vacuum  below  3X10~®  Torr  at  1100  ®C  for  about  50  h,® 
and  subsequently  quenched  in  water.  X-ray  diffraction  mea¬ 
surements  on  powder  samples  using  Cu  Kg  radiation  showed 
that  the  samples  were  composed  of  primarily  the  ThMni2 
structure  with  a  small  amount  of  a-Fe.  The  magnetization  of 
the  samples  was  measured  at  5  and  300  K  with  supercon¬ 
ducting  quantum  interference  device  (SQUID)  and  alternat¬ 
ing  force  gradient  magnetometers,  respectively,  and  the  satu¬ 
ration  magnetic  moments  agree  with  published  results.® 

The  arc-melted  buttons  were  spark  cut  into  discs  ~1  mm 
thick  to  expose  an  interior  surface  which  was  then  polished 
to  provide  an  optically  smooth  surface  for  PES  measure¬ 
ments.  The  samples  were  mounted  on  a  tungsten  sample  ma¬ 
nipulator  using  0.25-mm-diam  tantalum  wires  in  an  ultrahigh 
vacuum  chamber  with  a  base  pressure  of  2X 10" *“  Torr.  Each 
sample  was  cleaned  in  situ  with  several  cycles  of  2  keV  Ar 
sputtering  and  subsequent  annealing  at  350  °C.  Auger  elec¬ 
tron  spectroscopy  (AES)  was  employed  to  monitor  surface 
cleanliness  and  to  estimate  the  nitrogen  concentration.  After 
cleaning  the  sample,  nitrogen  was  introduced  by  ion  implan¬ 
tation  with  a  kinetic  energy  of  2  keV  ana  a  current  density  of 
25  /xA/cm’  for  10  min.* '  The  subsequent  nitrogen  concentra¬ 
tion  was  measured  with  AES  as  y=8.3±0.8.  The  samples 
were  then  radiantly  heated  to  350  °C  for  several  minutes  to 
promote  nitrogen  diffusion  from  the  nitrogen-rich  surface 
into  the  subsurface  region.  The  iilUogen-rich  surface  layer 
was  subsequently  removed  with  Ar  sputtering  to  expose  the 
subsurface  nitride  and  the  resulting  surface  nitrogen  concen¬ 
tration  measured  with  AES  was  y«“0.7±0.3.  Quantitatively, 
the  nitrogen  concentration  per  formula  unit  of  0.7  at  the  sur- 
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FIG.  1.  Calculated  partial  spin-polarized  DOS  of  Fe,  Mo,  and  Y  in  YFenMo 
and  experimental  energy  distribution  curves  (EDC)  for  clean  YFei2_,Mo^ 
(x=1.0,  2.0).  The  EDC^  are  normalized  to  the  area  under  the  EDC  curves 
between  0  and  3.S  eV  and  shifted  vertically.  The  zero  on  the  binding  energy 
axis  refers  to  the  Fermi  energy  (£f). 

face  of  1:12  compounds  here  and  previously  published"  is  in 
agreement  with  published  bulk  values^  and  supports  the  as¬ 
sertion  that  the  bulk  atomic  structure  is  present  up  to  the 
surface  which  is  probed  by  AES  and  PES.  The  electronic 
structure  was  measured  with  P£S  experiments  which  were 
performed  at  the  Synenrotron  Radiation  Center  in  Wisconsin. 
The  photoelectron  energy  distribution  curves  (EDC)  pre¬ 
sented  were  obtained  with  a  photon  energy  of  22.5  eV  and  a 
total  energy  resolution  of  0.14  eV. 

III.  ELECTRONIC  STRUCTURE 

The  EDCs  from  the  Ar-sputter-cleaned  and  annealed 
YFei2-^MO;t  samples  with  bulk  values  of  Jt=1.0,  2.0,  and 
the  calculated  partial  DOS  for  each  element  in  YFenMo  are 
shown  in  Fig.  1.  The  EDC  curves  have  been  normalized  to 
the  same  areas  between  0  and  3.5  eV  binding  energy  and  the 
baseline  for  each  EDC  is  shifted  vertically.  The  DOS  are 
determined  with  self-consistent  spin-polarized  calculations 
using  linear-muffin-tin  orbitals  in  the  scalar  relativistic 
approximation."  A  supercell  consisting  of  four  formula  units 
was  used  to  simulate  the  ternary  compound  with  correct 
stoichiometry.  The  total  DOS  (not  shown)  is  the  sum  of  the 
three  partial  DOS  curves,  and  the  total  DOS  is  dominated  by 
the  Fe  DOS,  due  to  the  large  atomic  percentage  (85%)  of  Fe 
in  the  compound.  The  present  Fe  DOS  is  substantially  dif¬ 
ferent  from  Fe  DOS  in  NdFenTi  compounds"  and  the  dif¬ 
ference  is  due  to  the  strong  hybridization  with  Mo. 

The  EDCs  are  comparable  to  the  calculated  DOS  with  a 
1-2  eV  wide  peak  at  the  Fermi  energy.  The  features  in  the 
calculated  DOS  at  1.3  and  2.7  eV  are  not  readily  discernible 
in  the  EDC,  and  this  may  be  due  to  lifetime  effects  in  these 
compounds.*® 

The  change  in  EDCs  aX  Ef  after  nitriding  YFenMo  and 
YFeioMo2  compounds  are  shown  in  Fig.  2.  The  YFenMo 


FIG.  2.  Expand  view  of  the  experimental  EDCs  of  YFeuMoNj,  for  y  =0.0, 
y  =0.7  (upper  two  curves)  and  of  YFeioMo2Ny  for  y  =0.0,  y  =0.7  (lower  two 
curves).  The  zero  on  the  binding  energy  axis  corresponds  to  the  Fermi 
energy. 


sample  (upper  two  curves)  shows  a  significant  decrease  in 
ED(i:  alEp  upon  nitriding;  the  YFejoMoj  sample  (lower  two 
curves)  does  not  show  any  significant  change  in  EDC  at  Ep 
upon  nitriding.  The  comparison  of  EDCs  for  x=l  and  x=2 
without  nitrogen  (upper  two  curves)  and  with  nitrogen 
(lower  two  curves)  are  shown  in  Fig.  3.  The  EDCs  at  Ep  for 
YFeijMo  and  YFejoMo2  show  no  significant  change;  the  ni¬ 
trified  samples  YFeijMoNoj  and  YFeioMo2No.7  show  a  slight 
increase  in  EDC  at  Eyr  as  the  MoiFe  ratio  is  increased. 

In  previous  experiments  on  1:12  and  2:17 
compounds"’*®  the  change  in  the  EDCs  at  was  compared 


FIG.  3.  Expand  view  of  EDCs  of  unnitrided  (upper  two  curve.s)  and  nitrided 
(lower  two  curves)  samples  of  YFei2-iMo^  (x=1.0,  2.0).  The  zero  on  the 
binding  energy  axis  refers  to  the  Fermi  energy. 
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Nt(Ep)  (1/eV) 


FIG.  4.  Calculated  xo  vs  calculated  Nr(i  f)  fof  ‘he  samples  listed. 


to  the  calculated"’’**  total  DOS,  Nj(Ep)==N^(Ep)+N,JEp), 
where  N^{Ep)  and  N^(Ep)  are  the  up-  and  down-spin  DOS 
at  the  Fermi  level,  respectively.  The  calculated  DOS,  Stoner 
parameter,  and  magnetic  moments  used  with  Mohn  and 
Wohlfarth  theory  predict  a  change  in  upon  nitrogenation 
which  agrees  very  well  with  measured  change  in  .  In  the 
present  experiment  the  calculated  DOS  is  available  only  for 
the  YFei]Mo  compound,  and  a  comparison  of  changes  in 
Nj(Ep)  aa  the  nitrogen  concentration  or  the  Fe:Mo  ratio 
changed  is  not  possible. 

In  order  to  compare  changes  in  the  measured  electronic 
structure  with  changes  in  the  magnetic  properties  (f;  and 
Mq),  a  dependence  of  ;^o  O"  ‘s  required.  Calculated 

values  of  ;^o  for  listed  samples,  where 
;^o  *=[1/A^f(£f)+  are  plotted  as  a  func¬ 

tion  of  Nj(Ep)  in  Fig.  4.  There  is  a  linear  dependence  be¬ 
tween  ;^o  8nd  N-[{Ep)  in  the  small  range  of  Nj{Ep)  for  the 
1:12  and  2:17  Fe-based  compounds  considered.  With  this 
plot,  the  electronic  structure  is  related  to  and  Mq  as 

where and  B  are  constants  and 
B/A  =  -0.48  eV"*.  Upon  alloying  with  either  N  or  Mo,  the 
new  value  of  {T'c)  can  be  related  through  Eq.  (1)  to  the 
measured  changes  in  magnetization  and  electronic  structure 
by 

{n/T,)».w={Ml,Vo){xolXo),  (2) 

where  X(JXo  is  gi’.en  by  [Nj{Ep)-0ASy[N'j{Ep)-0AS]. 
The  values  of  Np{Ep)  are  obtained  from  the  experimental 
EDC  curves.  The  ratio  {T'JTXxp  measured  directly,  and 
iTclTc)u.w'  are  shown  in  Table  I. 

As  shown  in  Table  I,  these  two  values  agree  fairly  well 
when  nitrogen  is  added  to  the  two  parent  compounds.  How¬ 
ever,  when  the  nitrogen  concentration  is  held  fixed  and  the 
Fe:Mo  ratio  is  varied,  there  is  a  large  disagreement  between 
these  two  values.  The  disagreement  is  due  to  the  fact  that 
substitution  of  Mo  for  Fe  in  going  from  YFenMo  to 
YFeioMo2  lowers  the  Fe  concentration  and  causes  a  strong 
hybridization  of  the  Fe  and  Mo  d  bands  thus  changing  the 
proportionality  constant  in  Eq.  (1). 


TABLE 

VFe,j_, 

1.  Calculaterf 
.Mo,,N^  samples. 

values  of 

(r;/r,).^  for 

x,y 

{My Mo?' 

(Xi/Yo)'’ 

{TyT,)„.y, 

±8% 

{T'JT,)„; 

1,0.0 

1,0.7 

1.10 

1.24 

1.36 

1.41 

2,0.0 

2,0.7 

1.59 

0.98 

1.56 

1.48 

1,0.0 

2,0.0 

0.44 

0.95 

0.42 

0.68 

1,0.7 

2,0.7 

0.62 

0.75 

0.46 

0.72 

•Reference  8. 

'’Based  on  experimental  Nt{Ef)  values. 


IV.  CONCLUSIONS 

PES  experiments  probing  the  electronic  structu  e  agree 
approximately  with  the  calculated  DOS.  The  samples  with 
fixed  Mo  concentration  follow  the  Curie-temperature  theory 
of  Mohn  and  Wohlfarth  upon  nitriding.  However,  the  theory 
does  not  correctly  predict  changes  in  T^.  on  alloying  with 
Mo.  The  reason  for  this  appear  to  be  that  nitrogen  goes  into 
the  lattice  interstitially  and  mainly  expands  the  lattice, 
whereas  Mo  substitution  for  Fe  causes  a  significant  change  in 
the  electronic  structure  of  the  material. 
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The  percolation  limit  for  the  disappearance  of  ferromagnetism  in  melt  spun 
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Low-temperature  magnetic  properties  of  the  Co55_;(B32+iC|2,  Jc=0,  2,  4,  and  4.5  ternary 
amorphous  alloys  are  investigated  by  using  low-held  ac  magnetic  susceptibility  measurement 
techniques  and  also  a  superconducting  quantum  interference  device  magnetometer.  The  ac 
susceptibility  data  show  that  these  alloys  undergo  a  paramagnetic  to  ferromagnetic  state  transition 
at  cryogenic  temperatures.  The  Curie  temperature  decreases  linearly  with  decreasing  Co  content 
at  a  rate  31  K  per  Co  at  %,  suggesting  a  percolation  limit  for  the  disappearence  of  ferromagnetism 
at  around  SO  at  %  Co.  A  scaling,  analysis  performed  on  magnetic  isotherms  obtained  near  Tc ;  even 
for  the  sample  almost  close  to  the  percolation  limit,  yields  critical  exponent  values  consistent  with 
the  3D-Heisenberg  model  for  an  ideal  ferromagnet.  Thus  in  these  Co-based  amorphous  alloys, 
long-range  order  persists  to  the  concentrations  almost  at  the  percolation  limit  and  the  mean-held 
theory  is  found  to  describe  well  the  paramagnetic  to  the  ferromagnetic  state  phase  transitions. 


I.  INTRODUCTION 

The  ternary  amorphous  Co-B-C  system  with  stoichiom¬ 
etry  in  the  extended  concentration  regime  provides  us  a 
unique  opportunity  to  study  the  magnetic  properties  of  Co 
ciose  to  the  percolation  limit  for  the  disappearance  of  ferro¬ 
magnetism.  It  has  been  found^'^  that  the  amorphous  alloys 
Cogg_j,Bj,Ci2,  with  y=i2,  16,  24,  and  32  are  simpie  ferro- 
magnets,  and  the  decreases  iinearly  with  decreasing  Co 
content.  Contrary  to  the  results  of  magnetic  studies  of  similar 
but  Fe-based  transition  metal-metailoid  amorphous  alloys 
like  (Fe;tNii_;t)75Pi6BsAl3,^  no  spin-glass  behavior  has  been 
observed  in  ail  the  above-mentioned  Co-based  amorphous 
alioys.  The  absence  of  spin-glass  behavior  in  Co-based  al¬ 
loys  could  be  expected  from  the  well-known  phenomeno¬ 
logical  Bethe-Slater  curve^  predicting  the  dependence  of  the 
exchange  coupling  constant  J  with  the  Co-Co  separation  dis¬ 
tance. 

In  order  to  have  a  better  picture  of  the  fenomagnetic 
state  of  the  CoBC  amorphous  alloys  near  the  percolation 
limit  for  the  disappearance  of  ferromagnetism,  we  attempt  a 
scaling  analysis  near  the  paramagnetic  (PM)  to  ferromag¬ 
netic  (FM)  state  transition  of  the  amorphous  alloys 
C056_;tB32+;(Ci2  with  ;c=0, 2, 4,  and  4.5.  The  extracted  val¬ 
ues  of  the  critical  exponents  )8  and  S  are  compared  with  those 
predicted^  by  the  3D-Heisenberg  model.  In  add'M'on  we 
present  the  magnetic  phase  diagram  of  the  above  CoBC 
amorphous  alloys. 

II.  EXPERIMENTAL 

Ingots  of  nominal  composition  Co56_;tB32+,Ci2,  with 
x=0,  2,  4,  and  4.5  were  prepared  in  a  arc-melting  furnace 
under  continuous  flow  of  argon  gas,  and  subsequently  melt 
spun  under  a  very  low  pressure  of  argon  atmosphere.  This 


was  necessary,  since  the  melting  of  these  alloys  is  relatively 
difflcult  because  of  the  high  metalloid  content  resulting  in  a 
low  electrical  conductivity  for  these  ingots.  The  obtained  rib¬ 
bons  were  5-60  cm  in  length,  10  ^m  thick,  0.5  mm  wide, 
and  shiny.  They  were  found  to  be  x-ray  amorphous,  while  the 
composition  was  determined  with  energy  dispersive  x-ray 
analysis  (EDAX)  using  a  scanning  electron  microscope,  ac 
susceptibility  measurements  were  performed  using  a  cali¬ 
brated  and  balanced  mutual  inductance  bridge,  employing  a 
two  phase  PAR  iock-in  signal  analyzer,  so  we  were  able  to 
measure  both  components  of  Xk>  the  real  (x'),  and  the 
imaginary  (V')  simultaneousiy.  The  resuits  were  corrected 
for  demagnetizing  effects.  For  the  dc  magnetic  studies  we 
employed  a  Quantum  Design  superconducting  quantum  in¬ 
terference  device  (SQUID)  magnetometer. 


FIG.  1.  Real  part,  x'{T)  of  ac  susceptibility  for  Co56-iB32+,C)2  with  jr=0, 
2,  4,  and  4.5. 
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FIG.  2.  Magnetic  phase  diagram  of  Co5s.;tB32+,C|2  with  a:=0,  2,  4,  and 
4.S.  Actually  the  x  axis  is  the  Co  at  %. 

III.  RESULTS  AND  DISCUSSION 

In  Fig.  1  are  presented  the  real  part  x'  of  the  ac  suscep> 
tibility  data  of  the  amorphous  alloys  Co5g_,B32+:(Cj2  where 
At=0, 2, 4,  and  4.5.  For  all  of  the  alloys  studied,  ;^'(T)  shows 
a  single  transition  from  a  paramagnetic  to  a  ferromagnetic 
state  as  the  temperature  decreases.  It  is  obvious  that,  below 
the  Curie  transition  temperature  (T^),  that  x'ij)  increases 
monotonically  down  to  4.2  K,  with  no  indication  of  spin- 
glass  behavior.  Only  in  the  x'{T)  data  of  the  alloys  with  51.5 
at  %  Co  there  is  some  indication  of  decreasing  of  x'iT^)  al 
around  6  K.  However,  we  did  not  find  any  clear  signature  for 
the  possible  existence  of  a  spin-glass  state  and  )1'{T),  for 
example,  is  zero.  The  magnetic  phase  diagram  for  the  com¬ 
position  range  studied  is  obtained  and  is  shown  in  Fig.  2.  It  is 
found  that  the  Curie  temperature  (r^)  decreases  with  de¬ 
creasing  Co  content  at  a  rate  of  31  K  per  at  %  Co,  suggesting 
a  percolation  limit  for  the  disappearance  of  the  ferromag¬ 
netism  in  these  alloys  at  around  50  at  %  Co.  In  order  to 
perform  a  scaling  analysis  near  the  paramagnetic  to  ferro¬ 
magnetic  state  transition,  we  obtained  a  set  of  magnetic  iso¬ 
therms  around  T^T^,  for  the  alloys  with  52  at%  and  54 
at  %  of  Co  content.  By  plotting  the  magnetization  ver¬ 
sus  the  ratio  of  the  field  over  the  magnetization 
where  the  critical  exponents  values  and  y  have  been  varied 
in  the  range  )3=0.3-0.6  and  y=\2-2,  we  obtained  the 


FIG.  3.  Modified  Arrott  plots  for  0)528340,2. 


FIG.  4.  Modified  Anott  plots  for  €0548340,2. 


modified  Arrott  plots  which  are  presented  in  Figs.  3  and  4. 
These  plots  are  indeed  straight  lines  near  the  transition  tem¬ 
perature  as  should  have  been  expected  for  ideal  ferromag- 
nets.  To  cross  examine  now  the  values  of  the  critical  expo¬ 
nents  P  and  y,  the  isotherms  are  plotted  according  to  the 
scaling  relation  logio(m)  vs  log]o(/i).  Here  m  and  h  are  the 
reduced  magnetization  and  the  reduced  field,  respectively, 
where 

m  =  M{e,H)/\e\^  /»=//(  e.  A/ )/|e|^+^  e=iT-T,)IT,. 

We  have  varied  the  by  0.5  K,  the  ^  from  0,3  to  0.6,  the  y 
from  1.2  to  2.5,  and  |4=0.02-0.2.  The  correct  values  of  Tc , 
P,  and  y  are  the  values  which  in  the  high-field  regime  cause 
the  collapse  of  the  two  branches  of  the  isotherms  in  a 
logio(m)  vs  logio(/i)  diagram  almost  onto  the  same  line  (in 
reality  the  two  branches  for  the  high-field  regime  converge 
towards  the  same  limit).  The  obtained  values  of  the  expo¬ 
nents  p,  y  are  found  to  be  the  same  with  those  found  using 
the  modified  Arrott  plots  method  and  are  presented  in  the 
Table  I,  while  the  scaling  is  presented  in  the  Figs.  5  and  6.  In 
addition  to  this,  assuming  that  the  static  scaling  hypothesis  is 
valid,  then  we  can  calculate  the  value  of  S  from  the  relation 
P+y=P-S,  which  also  is  shown  in  the  Table  1.  Comparing 
the  obtained  values  of  the  critical  exponents  P,  y,  and  S,  with 
those  predicted  for  the  3D-Heisenberg  model  (these  values 
are  also  included  in  Table  I),  we  see  that  in  the  case  of  x:=4 
(52  at  %  Co),  there  is  excellent  agreement  between  experi¬ 
ment  and  theory,  while  in  the  case  ofx=2  (54  at  %  Co)  there 
is  a  slight  deviation.  The  latter  might  indicate  that  this  par¬ 
ticular  alloy,  below  T^,  exhibits  a  nonideal  ferromagnetic 
order. 


TABLE  I.  Oritical  exponents  for  Oo56_;,Ba32+40,2  amorphous  alloys.  Num¬ 
bers  in  the  parentheses  denote  the  uncertainty  in  the  least  significant  figure. 


X 

y 

S 

l  +  y/fi 

2 

0.450+0.003 

1.6010.02 

4.55 

4 

0.368±0.003 

1.40+0.02 

4.80 

3D-Heisenbeig* 

0.365(3) 

1.405(2) 

4.85(4) 

... 

*Ref.  5. 
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logio(h) 


FIG.  5.  Log,o(m)  vs  log,o(A)  for  CojjBj^Cij. 


IV.  CONCLUSION 

Successfully  melt-spun  Co56_,B32+;,Ci2  (a:=0,  2, 4,  and 
4.5)  amotphous  alloys  have  been  found  to  exhibit  a  single 
paramagnetic  to  ferromagnetic  state  transition,  at  tempera¬ 
tures  below  room  temperature.  In  addition  it  is  found  that 
is  decreasing  with  decreasing  Co  content  at  a  rate  of  31  K  per 
Co  at  %.  A  scaling  analysis  performed  near  showed  that 
one  alloy  (jc=4)  has  critical  exponent  values  in  excellent 


logio(h) 


FIG.  6.  Log|o(m)  vs  log,o(A)  for  C054B34C12. 

agreement  with  values  predicted  by  mean-field  theory,  while 
these  values  for  the  x=2  alloy  deviate  slightly  from  theory. 
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Amorphous  Coi-^cEr;^  ribbons  with  x=55  and  65  were  prepared  by  the  melt-spinning  technique. 
Magnetization  measurements  were  carried  out  in  the  temperature  range  4-100  K  under  high 
magnetic  fields  up  to  20  T.  Even  at  20  T  the  saturation  is  not  fully  attained.  Assuming  that  Co  has 
no  moment  in  the  alloy  with  a:=65  the  Er  moment  is  found  *o  be  7.0 fig  which  indicates  a 
speromagnetic  spin  structure.  The  Co  moment  in  the  alloy  with  :t  =55  is  then  found  to  be  0.1  fig, 
which  is  negligibly  small.  By  analyzing  the  approach  to  saturation  using  Chudnovsky’s  theory  we 
have  extracted  some  fundamental  parameters. 


I.  INTRODUCTION 

Amorphous  alloys  based  on  rare-earth  metals  are  inter¬ 
esting  materials  to  study  the  various  fundamental  parameters, 
such  as  ferromagnetic,  antiferromagnetic  interactions,  ran¬ 
dom  anisotropy,  etc.*’^  We  have  reported  on  the  amorphous 
Co-Er-B  alloy, ^  where  we  have  shown  that  Er  has  a  conical 
spin  structure  resulting  from  strong  random  anisotropy  and 
that  under  sufiiciently  high  magnetic  fields  the  antiferromag¬ 
netic  interaction  between  Er-Co  breaks  down.  It  has  also 
been  shown  that  for  rare-earth  metal  concentrations  higher 
than  about  60  at  %,  the  transition  metal  moment  would 
vanish.^  Therefore  we  wanted  to  study  the  binary  Co-Er  sys¬ 
tem  rich  in  Er,  in  order  to  get  more  information  on  the  mag¬ 
netic  state  of  Er.  The  magnetization  of  this  system  wrs  stud¬ 
ied  earlier*'  but  under  an  external  field  of  only  1.4  T  whict:,  as 
it  will  be  shown  here,  is  far  too  small  for  saturation.  We 
report  here  our  magnetization  studies  on  amorphous  Cb45Er55 
and  Co35Er6j  alloys  under  applied  fi.';ids  up  to  20  T.  We  have 
also  analyzed  the  approach  to  saturation  using  Chudnovsky’s 
theory  and  obtained  some  magnetic  parameters  of  interest. 

II.  EXPERIMENTAL  DETAILS 

Amorphous  Coi__,Er;,  alloys  with  Ji'=55  and  65  were 
prepared  by  the  usual  melt  spinning  technique  under  inert 
atmosphere.  Linear  velocity  of  the  copper  wheel  was  in  the 
range  30-40  m/s.  The  diameter  of  the  orifice  of  the  quartz 
crucible  was  0.5  mm. 

The  amorphous  state  was  verified  by  x-ray  diffraction. 
The  exact  composition  was  determined  by  electron  probe 
microanalysis.  The  magnetization  was  measured  in  the  tem¬ 
perature  range  4-100  K  and  under  applied  fields  up  to  20  T. 

III.  RESULTS  AND  DISCUSSION 

The  ribbons  were  about  1  mm  v.:  Je  and  30  fim  thick  and 
were  all  amorphous  as  shown  by  the  characteristic  broad 
x-ray  diffraction  peak. 

The  field  dependence  of  the  magnetization  at  different 
temperatures  for  the  two  alloys  was  similar  and  Fig.  1  shows 
the  result  for  the  alloy  with  Er=65  at  %.  It  can  be  seen  that 
even  at  20  T,  the  saturation  is  not  yet  complete.  So  the  satu¬ 
ration  magnetic  moment  Mg  was  calculated  at  //„,  using 
dependence,  which  will  be  justified  in  the  next  section. 
The  magnetization  of  the  alloy  with  x= 65  can  be  considered 


to  arise  only  from  the  Er  atoms  as  we  pointed  out  earlier. 
Under  this  assumption,  from  the  alloy  moment  of  4. 56 fig 
we  find  the  Er  moment  /j.^,=7.0/ig/&iQm,  which  is  smaller 
than  9.0 fig ,  theoretically  expected  for  the  ground  state.  This 
indicates  that  the  Er  spin  structure  is  not  collinear.  This  spin 
structure  arises  from  the  random  anisotropy  which  is  larger 
than  the  ferromagnetic  interaction.  It  is  interesting  to 
note  that  this  situation  is  different  from  what  we  had  ob¬ 
served  earlier  for  Co-Er-B  alloys,^  where  the  Co  atoms  bear 
a  strong  moment  and  therefore  a  fairly  strong  antiferromag¬ 
netic  interaction  Jco-Er  to  maintain  the  Er  spins  in  one 
hemisphere.^  It  is  to  be  noted  that  our  value  of  /xg,  is  much 
higher  than  that  reported  by  Xingbo  and  Miyazaki,**  as  is 
expected,  because  their  measurements  were  carried  out  under 
fairly  low  fields.  Now  taking  our  experimental  value  of 
fi^, =7.0 fig  for  the  alloy  with  x=55,  and  from  ’he  alloy 
moment  of  3.8/4^ .  ihe  Co  moment  is  calculated  to  be  0.1  fig 
which  is  indeed  negligibly  small. 

The  Curie  temperature  (Tc)  of  the  alloys  was  obtained 
from  the  Arrott’s  plots  and  the  result  for  x=65  is  shown  in 
Fig.  2.  The  Curie  temperature  Tc  was  found  to  be  30  and  40 
K  for  x=65  and  55,  respectively.  These  relatively  low  val¬ 
ues  indicate  the  weak  ferromagnetic  Er-Er  interactions. 


•  42K 
«  lOK 
.  20K 

.  30  K 
.  40K 
o  $0K 
.  60  K 
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FIG.  1.  The  field  dependence  of  the  magnetization  at  various  temperatures 
for  the  alloy  Co35Er65 . 
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FIG.  2.  The  Arrott  plot  for  the  alloy  Co35Er55.  Tlie  inset  shows  vs  T. 


Chudnovsky^’^  has  proposed  a  theory  to  explain  the  ap¬ 
proach  to  saturation  in  terms  of  various  fundamental  param¬ 
eters,  which  has  been  applied  by  several  authors  to  analyze 
their  results.’’®  TVo  cases  are  to  be  distinguished;  first  when 
the  applied  field  is  smaller  than  the  exchange  field 
(//app<//exch)  and  the  second  when  (//app^Wexch)-  In  our 
present  case  considering  the  low  Curie  temperatures  of  the 
Er-Co  samples,  the  second  case  is  more  appropriate.  In  this 
high-field  regime  one  can  write 

iMo-M)IMo=  SM/Mo=  l/l5[Hr/iH+H„)]\  (1) 

where  A/q  is  the  magnetization  extrapolated  value  to  and 

is  the  random  local  anisotropy  field  and  is  related  to  the 
local  anisotropy  energy  Af,  by  the  relation 

2KrlM=Hr.  (2) 

In  some  cases  has  been  neglected  since  it  is  small  com¬ 
pared  to  the  external  field  and  has  been  calculated.®  How¬ 
ever,  with  some  algebraic  manipulations,  as  we  describe  be¬ 
low,  it  is  also  possible  to  consider  and  obtain  not  only 
but  also 

Equation  (1)  can  be  rewritten  as 

iSMIMo)-°-^=BiH+H,,),  (3) 

where  vl 5 X (//,)“'.  So  by  plotting  as  a 

function  of  H,  one  can  obtain  //,  from  the  slope  B  and  the 
exchange  field  //„  from  the  intercept.  Figure  3  show  such  a 
plot  for  Er=65.  The  cata  point  align  well  in  the  high-field 
regime  But  one  observes  a  deviation  from  the 

linear  dependence  in  the  intermediate  regime  where  the  ran¬ 
dom  anisotropy  and  the  exchange  field  influence  the  magne¬ 
tization  behavior.  This  field  region  is  known  as  the  crossover 
field  and  will  be  discussed  later.  The  value  of  was 
obtained  by  linear  regression.  Table  I  shows  the  various  mag¬ 
netic  parameters  calculated  from  the  Fig.  3.  It  must  be  cau¬ 
tioned,  however,  that  the  value  of  should  be  taken  with 
some  caution  and  considering  the  relatively  low  value  vis  a 
vis  //app  it  could  vary  by  a  factor  of  2  or  3.  Nevertheless,  this 
gives  an  order  of  magnitude  of  the  parameter.  For  a: = 65,  we 
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H(T) 

FIG.  3.  The  H  dependence  of  the  quantity  for  the 

sample  Co35Er(5  at  4  K. 


find  Ar,.=  1.8X10®  erg  cm"®  (which  has  been  calculated 
from  Hf)  and  this  agrees  well  with  the  value  obtained  by 
Hadjipanayis  et  al.^  for  an  amorphous  Er-Au-B  alloy,  where 
Er  are  the  only  magnetic  atoms. 

From  the  crossover  field  mentioned  above,  it  is  pos¬ 
sible  to  calculate  the  important  structural  parameter  l\, 
which  is  the  distance  over  which  the  local  anisotropy  axes 
are  correlated.  From  Chudnovsky’s  theory®  we  can  write 

//^=2A/A/o(/?„)%  (4) 

where  A  is  the  exchange  constant.  However,  generally  this 
crossover  field  is  difficult  to  observe  experimentally  in  crys¬ 
talline  and  amorphous  materials  where  Tc  and  hence  the 
exchange  field  is  high.®  Fortunately  the  present  alloys  offer  a 
possibility  to  observe  As  we  had  mentioned  when  dis¬ 
cussing  the  M  dependence  on  //’,  one  observes  a  deviation 
from  the  linear  behavior  (Fig.  3),  which  precisely  corre¬ 
sponds  the  crossover  field  where  the  regime  changes  to  the 
low  field  one.  From  Fig.  3  is  found  to  be  close  to  11  T. 
In  Eq.  (3)  all  parameters  except  A  are  known.  It  is  possible  to 
calculate  by  combining  the  models  proposed  by  Hasegawa,*® 
Heiman  era/.”  as  described  below.  From  the  mean-field 
model  the  exchange  constant  A  can  be  written'®  (considering 
only  Er  since  Co  has  no  moment)  as 

^  =  ”Er-Er/Er-Et(^Er”  1  >  (5) 

where  x  is  the  Er  concentration,  indicates  the  number 
of  maximum  permissible  pairs  of  Er  atoms  per  volume  ex¬ 
tending  to  the  first  nearest  neighbors,  ae^.g,  the  interatomic 
distance  between  Er  atoms,  x  the  Er  concentration,  and  the 


TABLE  I.  Some  magnetic  properties  of  Coj  -xEr^  alloys  at  4  K. 


A/o 

Tc 

A 

Hr 

Kr 

X 

(emug"‘) 

(K) 

(10'®  erg  cm"') 

(T) 

(T) 

(10®  erg  cm"®) 

55 

179 

40 

1.9 

0.4 

19 

.'.5 

65 

IJ7 

30 

1.7 

0.4 

20 

1.8 
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rest  of  the  symbols  have ,  the  usual  meaning.  Several 
authors*^  have  assumed  that  n^,.^=2  and  aEr.Er=3.5  A. 

One  can  express  the  Curie  temperature,  after  Heiman 
et  al}^  as 

2xZ^.^  Ef-Ei^  Er(5Er“  1  Er+  ^  )»  (6) 

where  denotes  the  number  of  Er  neighbors  around  Er 
atom  which  is  generally  taken  as  12  in  such  amorphous  al¬ 
loys  and  the  other  symbols  have  their  usual  meaning. 
5Er='l-2>"fEr=7.5. 

Combining  Eqs.  (5)  and  (6)  we  can  eliminate  the  term 
JEr-Er  and  get 

^=xJEA7’c/[4{/Er+l)«Er.Er]-  (7) 

Knowing  all  the  parameters  in  the  above  Eq.  (7)  A  can  be 
calculated.  For  example,  for  x=65,  A  is  found  to  be 
1.7X10“®  erg  cm.  Using  this  value  ofi4  in  Eq.  (4),  we  cal¬ 
culate  /?a  =  1 .5  A.  This  rather  small  value  indicates  that  there 
is  practically  no  correlation  in  the  direction  of  the  easy  axis 
from  one  rare-earth  site  to  another.  This  is  in  agreement  with 
the  fact  that  this  alloy  is  a  speromagnet.  One  finds  in  transi¬ 
tion  metal-rich  alloys,  generally,  that  is  about  5  A,  which 
corresponds  to  a  few  atomic  sites.*® 
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The  B-content  dependence  of  magnetization.  Curie  temperature,  and  crystallization  temperature  for 
amorphous  (Fej_;tB;c)]oo-yNdj,  alloys  with  y=4,  7,  and  12  were  studied.  Spontaneous 
magnetization  shows  a  monotonic  decrease  with  x,  and  the  noncollinear  spin  structures  have  been 
proposed  to  explain  the  observed  results.  It  is  found  that  the  Curie  temperature  of  the  samples 
increases  at  first  with  increasing  B  concentration  x,  and  shows  a  maximum  value  at  a  certain  B 
concentration,  then  decreases  monotonically  with  x.  The  composition  dependence  of  is  explained 
by  the  average  molecular-iield  model.  An  exceptionally  strong  rise  of  crystallization  temperature 
with  X  is  found,  and  demonstrates  that  the  thermal  stability  of  amorphous  Fe-Nd-B  alloys  has  a 
remarkable  enhancement  by  the  substitution  of  B  for  Fe. 


I.  INTRODUCTION 

Since  the  discovery  of  the  Fe-Nd-B  permanent  magnet 
materials,  the  magnetic  properties  of  rapidly  quenched  Fe- 
Nd-B  alloys  have  been  studied  extensively.  Recently,  some 
researchers  have  developed  an  interest  in  the  study  of  mag¬ 
netic  properties  of  rapidly  quenched  Fe-Nd-B  alloys  with 
lower  Nd  concentration.  Most  of  these  studies  focus  on  their 
hard  magnetic  properties,  while  investigations  on  magnetic 
properties  and  crystallization  of  amorphous  Fe-Nd-B  alloys 
are  relatively  fewer.  To  obtain  more  information  about  mag¬ 
netic  behaviors  of  rapidly  quenched  Fe-Nd-B  alloys,  we  ex¬ 
tended  the  study  of  amorphous  Fe-Nd-B  alloys  to  a  wide 
composition  range.'  In  our  previous  paper,  a  study  on  mag¬ 
netic  properties  and  crystallization  of  amorphous 
(Fei_^NdJioo-j.Bj,  with  y  =  6,  18.5,  and  25  as  well  as  the 
effects  of  heat  treatment  on  their  hard  magnetic  properties 
has  been  reported.^'*  This  paper  focuses  on  the  study  of 
B-concentration  dependence  of  magnetization.  Curie  tem¬ 
perature,  and  crystallization  temperature  of  amorphous 
(Fe,-^BJ  ioo->.Nd^  alloys  at  constant  Nd  concentration  of 
y  =  4,  7,  and  12. 


II.  EXPERIMENTAL 

Alloys  with  composition  (Fei__fB^)ioo-yNd^ 
(0.104^x^0.365,  y  =  4;  0.065^.  0.323,  y=7; 

0.067^x^0.413,  >>  =  12)  were  prepared  by  arc  melting  in 
a  purified  argon  atmosphere.  The  ingots  were  melted  several 
times  to  insure  the  homogeneity,  and  then  melt  spun  in  an 
argon  atmosphere  on  the  outside  of  a  rotating  copper  drum  of 
20  cm  diameter  with  a  surface  speed  of  about  47  m/s,  result¬ 
ing  in  ribbons  about  1  mm  wide  and  20-30  pm  thick.  No 
crystallinity  in  the  ribbon  samples  was  detectable  by  x-ray 
diffraction.  The  Curie  temperature  of  the  samples  was  deter¬ 
mined  from  the  magnetization  curve  in  a  field  of  about  45  Oe 
or  the  temperature  dependence  of  the  ac  susceptibility  in  a 
weak  field  lower  than  1  Oe.  The  measurements  on  the  low- 
temperature  magnetization  were  performed  by  an  extracting 
sample  magnetometer  at  fields  up  to  65  kOe.  The  crystalli¬ 


zation  temperature  of  the  samples  was  determined  from  the 
differential  scanning  calorimetry  (DSC)  traces  with  a  heating 
rate  of  20  K/min. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  B-concentration  dependence  of  the 
Curie  temperature  of  amorphous  (Fe,_^BJioo-^Nd^  al¬ 
loys  at  constant  Nd  concentration  of  >>  =  4,  7,  and  12,  to¬ 
gether  with  that  of  amorphous  Fe,_^B^  alloys  for  compari¬ 
son.  Pronounced  effects  of  the  composition  on  Curie 
temperature  are  observed.  It  can  be  seen  from  Fig.  1  that  the 
Tc  of  the  samples  increases  at  first  with  increasing  B  concen¬ 
tration  X,  and  shows  a  maximum  value  at  a  certain  B  con¬ 
centration,  then  decreases  monotonously  with  x.  This  varia¬ 
tion  of  Tc  is  similar  to  those  of  amorphous  Fej  .^B^  alloys,’ 
in  which  Tg  showed  a  maximum  at  about  30  at.  %  B.  The 


FIG.  1.  B-conccnIration  dependence  of  the  Curie  temperature  of  amor¬ 
phous  (Fe,_,B,),oo-yNd,.  alloys  with  y =0  [7]  (O).  >>=4  (®),  7  (•),  and 
12  O). 
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FIG.  2.  B-concentralion  dependence  of  the  spontaneous  magnetization 
(7, (1.5)  at  1.5  K  (a)  and  the  average  magnetic  moment  iif^  per  Fe  atom  (b) 
for  amorphous  (Fej  .,B,)  loo-yNd^  alloys  with  y = 4  (©),  7  (•),  and  12  ((>). 

maximum  value  of  T^.  is  found  to  shift  to  lower  B  concen¬ 
tration,  when  the  neodymium  is  added  in  the  Fe-B  alloys. 
According  to  the  average  molecular-field  model,  the  CHirie 
temperature  is  directly  proportional  to  the  exchange  integral 
between  magnetic  atoms  and  the  number  of  nearest-neighbor 
magnetic  atoms.  The  exchange  integral  of  alloys  is  affected 
by  element  species  and  interatomic  distance.  For  the  Fe-rich 
amorphous  Fe-Nd-B  alloys,  the  depends  mainly  on  Fe-Fe 
exchange  interactions.  The  addition  of  Nd  is  found  to  de¬ 
crease  the  Tf.  of  amorphous  Fe-B  alloys  with  the  same  B 
concentration,  as  shown  in  Fig.  1.  This  implies  that  the  sub¬ 
stitution  of  Nd  for  Fe  would  decrease  the  exchange  interac¬ 
tions  between  Fe-Fe  atoms.  For  (Fe,_;,B_,)joo-).Nd^,  the  in¬ 
crease  of  Tc  with  X  at  lower  B  concentration  can  be  attributed 
to  the  increase  of  the  Fe-Fe  interaction  as  a  result  of  the 
increase  in  Fe-Fe  spacing  by  the  interstitial  B  atoms.  At 
higher  B  concentration,  the  decrease  of  with  x  may  be  due 
to  the  decrease  of  Fe-Fe  interactions  and  the  number  of 
Fe-Fe  atom  pairs. 

The  magnetization  data  at  l.S  K  were  measured  for 
amorphous  (Fei_^B;f)ioo-yNd^  alloys  at  constant  Nd  con¬ 
centration.  The  spontaneous  magnetization  (TjCI.S)  was  ob¬ 
tained  by  fitting  the  magnetization  curves  according  to  the 
approach  to  the  saturation  law, 

a{H)  =  a,{\.5){\~alH-blH^).  (1) 

The  o-j(1.5)  as  a  function  of  B  concentration  is  shown  in 
Fig.  2(a).  The  o’j(1.5)  is  found  to  decrease  monotonously 
with  increasing  B  concentration  x.  It  has  been  shown  previ¬ 
ously  that  in  the  amorphous  (Fei_^Nd^)gi,5Bi8,5  and 


FIG.  3.  B-concentration  dependence  of  the  crystallization  temperature  of 
amorphous  (Fe,_jB,)ioo-yNd^  alloys  with  y=4  (®),  7  (•),  and  12  (3). 

(FC)  _,Nd^)94B6  alloys  by  a  smooth  extrapolation  of  the 
o-j(1.5)  vsxcurves  to  jc=1.0,  the  values  of  of  both 

the  Ndgi  gBigs  and  Nd94B6  are  obtained  to  be  40  emu/g.® 
Therefore,  the  Nd  atom  moment  is  found  to  be  l.OZ/tg, 
which  is  only  about  30%  of  the  moment  of  a  free  Nd^'*'  ion 
{3.27 fig).  This  implies  the  existence  of  a  noncollinear  spin 
structure  in  amorphous  Fe-Nd-B  alloys.  The  fact  that  the 
magnetization  curves  are  difficult  to  saturate,  especially  at 
higher  Nd  concentration,  supports  the  existence  of  the  non¬ 
collinear  spin  structures  in  the  amorphous  Fe-Nd-B  alloys. 
The  Nd  moment  is  distributed  on  a  cone  of  half  angle  , 
which  is  112°  as  calculated  from  the  formula 
/^g=(l/2))UNj(l+cos  ^g).  It  is  found  that  the  value  of  ^g 
in  amorphous  Fej.^Nd^t  films  is  106°-lir  as  x  increases 
from  0.04  to  0.9.®  These  results  demonstrate  that  in  amor¬ 
phous  Fe-Nd-B  alloys  the  Nd  moment  is  slightly  influenced 
by  the  boron  concentration.  Accordingly,  the  ^g  is  roughly 
constant  for  all  x  due  to  the  very  strong  local  random  anisot¬ 
ropy  of  Nd.  For  amorphous  (Fei_;(B,)ioo-yNd^  alloys,  if  the 
^g  is  assumed  to  be  112°,  that  is,  the  Nd  magnetic  moment 
is  1 .02 fig ,  the  average  magnetic  moment  per  Fe  atom  fif^  is 
found  to  drop  monotonically  with  increasing  B  concentra¬ 
tion,  as  shown  in  Fig.  2(b).  The  decrease  of  /zpj  with  x  can  be 
attributed  to  the  decrease  of  the  number  of  Fe  atoms  and  the 
coordination  of  the  nearest  Fe  atoms. 

Figure  3  shows  the  B-concentration  dependence  of  the 
crystallization  temperature  T„  measured  at  a  scanning  rate  of 
20  K/min  for  amorphous  (Fei_;,B^)ioo-yNd^  alloys  at  con¬ 
stant  Nd  concentration  of  >>  =  4,  7,  and  12.  The  T„  is  found 
to  depend  strongly  on  B  concentration.  The  substitution  of  B 
for  Fe  plays  an  important  role  in  the  enhancement  of  the 
thermal  stability  of  amorphous  Fe-Nd-B  alloys.  In  the 
samples  withy  =  4  and  7,  the  increases  monotonical  with 
increasing  B  concentration  x.  For  y  =  12,  the  first  in¬ 
creases  sharply  with  increasing  B  concentration  x,  it  goes 
through  a  broad  maximum  at  about  x=0.29  (17  at  %  B)  to 
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lower  values  and  then  increases  again  with  x.  A  similar  con¬ 
centration  dependence  of  was  observed  in  amorphous 
Fei_;fB^  alloys.®  Previous  studies  thave  shown  that  in  many 
metal-metalloid  amorphous  alloys  exhibits  a  maximum 
near  the  equilibrium  eutectic  composition.  The  maximum 
value  of  Jct  in  the  (Fei_;BJioo-yNd^  alloys  with  >»  =  12  is 
exhibited  near  17  at  %  B,  which  is  just  the  eutectic  compo¬ 
sition  of  the  ternary  Fe-Nd-B  system.  It  is  found  that  the 
of  amorphous  Fe-Nd-B  alloys  studied  in  this  work  are  120- 
210  K  higher  than  those  of  amorphous  Fe-B  alloys  with  the 
same  B  concentration.  This  demonstrates  that  the  thermal 
stability  of  amorphous  Fe-Nd-B  alloys  has  a  remarkable  en¬ 
hancement  by  the  substitution  of  some  Nd  for  Fe.  When  a 
small  amount  of  Nd,  having  a  great  affinity  to  B  and  its 
atomic  radius  being  larger  than  Fe,  is  added  in  the  Fe-B 
alloys,  the  viscosity  of  the  alloy  increases  and  the  diffusion 
coefficient  reduces,  therefore  the  thermal  stability  of  the 
amorphous  alloys  is  enhanced.  In  general,  the  ternary  amor¬ 
phous  alloys  would  be  more  stable  against  cryst.  .iization 
than  the  binary  ones,  and  the  corresponding  crystallization 
temperature  would  become  higher. 
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Influence  of  applied  torsion  on  the  bistabie  behavior  of  CoSiB  amorphous 
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Experimental  results  are  reported  on  the  torsion  dependence  of  bistability  of  CoSiB  amorphous 
alloys.  Switching  field  and  remanence  magnetization  are  measured  with  applied  torsion  up  to  207r 
rad/m  for  as-quenched  wire  as  well  as  for  stress-annealed  wire,  with  and  without  preannealing. 

Measurements  are  performed  both  for  and  hysteresis  loop.  The  results  show  that  the 

bistability  of  Co-rich  amorphous  wire  strongly  depends  on  the  torsion-induced  helical  anisotropy. 


I.  INTRODUCTION 

Bistability  of  magnetic  state  of  amorphous  3d  wires 
makes  these  systems  attractive  for  applications.'  In  particu¬ 
lar,  the  influence  of  tension  and  torsion  to  the  effect  is  of 
cunent  interest.^’^  If  magnetostriction  is  small,  remagnetiza¬ 
tion  processes  can  be  very  sensitive  to  actual  distribution  of 
local  mapetic  anisotropy  in  the  wire.  Such  dependence  was 
found  recently'*  in  nearly  zero-magnetostrictive  CoFeSiB 
amorphous  wires.  In  Co-based  wires,  magnetostriction  is  one 
order  of  mapitude  smaller  than  in  Fe-rich  ones.  Then,  ex¬ 
perimental  data  are  needed  to  evaluate  the  usefulness  of 
these  wires  as  bistable  elements. 

Recently,  we  have  reported  on  the  influence  of  applied 
tension^’*  on  the  hysteresis  loop  of  current  annealed  cobalt- 
based  amorphous  wire.  Special  attention  has  been  paid  to  the 
switching  field  H*,  namely,  the  value  of  the  applied  mag¬ 
netic  field,  for  which  the  bistability  takes  place.  The  aim  of 
the  present  paper  is  to  perform  a  similar  study  on  the  influ¬ 
ence  of  torsion  stress  on  the  bistable  behavior  of  the  same 
current-annealed  cobalt-based  alloy  wire  previously  investi¬ 
gated  in  Refs.  5,6,  in  order  to  establish  the  mechanisms  re¬ 
sponsible  for  the  bistability. 

II.  EXPERIMENTAL  TECHNIQUE 

Amorphous  wires  of  nominal  composition 
C072.5Si12.5Bj5  were  obtained  by  means  of  the  in-rotating- 
water  technique  by  UNITIKA  Ltd.  Co,  Japan.  The  diameter 
of  wires  is  120  pm  and  its  length  is  10  cm.  The  shape  mag¬ 
netostriction  X  of  this  wire  is  known  to  be  about  -3.5X  lO”®. 
Hysteresis  loops  M^-H^  and  M^-H are  obtained  by  conven¬ 
tional  induction  method  with  frequency  50  Hz,  During  mea¬ 
surement,  a  torsion  ^  is  applied  up  to  one  turn  (20ir  rad/ra). 
Circular  magnetic  field  is  produced  by  ac  electric  current, 
flowing  along  the  sample.  The  values  of  switching  held,  due 
to  this  current,  are  calculated  at  the  surface  of  a  wire.  More 
details  on  the  measurement  technique  are  described  in  Ref.  3. 

IXvo  kinds  of  thermal  treatment  have  been  applied:  stress 
annealing  with  and  without  preannealing.  Both  kinds  of  an¬ 
nealing  are  by  means  of  electric  current.  The  current  of  pre- 
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annealing  is  525  mA.  Annealing  conditions  are:  stress  of  550 
MPa,  current  of  400  or  450  mA.  The  value  400  mA 
conesponds  to  Curie  temperature  of  the  alloy  (593  K). 

III.  EXPERIMENTAL  RESULTS 

Remanence  magnetization  is  found  to  be  very  similar 
for  (Fig.  1)  and  experimental  data.  Also,  the 

data  on  ntr  are  almost  the  same  for  both  annealing  currents, 
400  and  450  mA.  For  as-quenched  sample,  remanence  mag¬ 
netization  is  remarkably  lower,  than  that  for  the  annealed 
wire.  Both  curves  saturate  with  torsion  about  f=35  rad/m. 
Above  this  value  of  I,  the  data  on  for  annealed  sample  do 
not  depend  on  annealing  time.  For  lower  values  of  torsion, 
the  differences  between  the  curves  mXi)  for  different  an¬ 
nealing  times  are  significant  only  for  preannealed  samples. 
There,  for  experiment  shows  a  maximum 

with  annealing  time  at  about  faiin=15  min  (Fig.  2).  For 
Mj-Hj  data  this  dependence  also  exists,  but  its  character  is 
not  clear. 

The  torsion  dependence  of  the  switching  field  H*  for  the 
experiment  is  regular,  almost  linear  and  at  first  sight 


torsion  (rad/m) 


FIG.  1.  Remanence  magnetization  against  appiied  torsion.  Anneaiing  cur¬ 
rent  is  400  mA.  Experimentai  data  from  the  M,-H,  hysteresis  ioop  are 
compared  with  raicuiations  according  to  the  paper  (Ref.  3).  The  vaiues  of 
the  parameter  Cg  are  31  pm  (as-quenched)  and  35  pm  (t=S  min). 
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FIG.  2.  Remanence  magnetization  for  preannealrd  wire,  measured  in 
experiment,  for  /„„=450  mA. 

does  not  depend  on  thermal  treatment  (Fig.  3).  The  slope  of 
the  curve  is  slightly  reduced  with  torsion  only  for 

short  annealing  times.  For  M^-Hj  experiment,  the  switching 
field  H*  for  /,„n=400  mA  decreases  with  annealing  time. 
For  /,„„=450  mA  the  dependence  does  not  change 
with  .  On  the  contrary,  for  as-quenched  wire  this  curve 
shows  a  maximum  at  about  ^=21  rad/m  (Fig.  4).  For 
^ann=400  mA  we  can  observe  how  this  maximum  is  shifted 
towards  smaller  values  of  applied  torsion,  when  annealing 
time  increases,  For  /„n=450  mA  this  maximum  is  visible 
only  for  as-quenched  wire  (Fig.  5).  The  values  otH*  for  the 
experiment  are  close  to  those  for  the  Mj-Hz  one. 

IV.  DISCUSSION 

Experimentally  observed  difference  between  remanence 
magnetization  for  as-quenched  sample  and  annealed 
samples  (Fig.  1)  indicates  that  for  as-quenched  sample  a  kind 
of  instability  of  amorphous  structure  is  present.  Its  existence 


FIG.  4.  Switching  field  from  Mj-//,  measurement,  against  torsion,  for 
/,„„=4(X)  mA. 


is  confirmed  by  the  maximum  of  switching  field  //*  in 
Mz-Hz  experiments.  In  the  case  of//*,  this  instability  can  be 
removed  in  a  continuous  way  by  annealing  in  Curie  tempera¬ 
ture,  or  immediately  by  annealing  in  higher  temperatures.  In 
the  case  of  ntf,  the  effect  disappears  immediately  even  for 
short  annealing  time  and  /jn„=400  mA.  This  indicates  that 
the  switching  field  is  much  more  sensitive  to  the  details  of 
local  distribution  of  magnetization  in  the  region  between  in¬ 
ner  core  and  outer  shell.  The  same  effect,  but  much  more 
strong,  was  found  recently'*  in  nearly  zero-magnetostrictive 
amorphous  wires. 

Thermal  treatment  changes  magnetic  softness  and  initial 
(^=0)  value  of  remanence  magnetization.  But,  as  ( inci eases, 
torsion-induced  helical  anisotropy  is  expected  to  stabilize  the 
radius  of  inner  core  and  the  spatial  distribution  of  internal 
stresses.  To  describe  the  effect  of  torsion  on  remanence  mag¬ 
netization,  we  approximate  the  distribution  of  the  density  of 
magnetic  anisotropy  within  the  wire  by  a  function 


FIG.  3.  Switching  field  from  Afj-W*  measurement,  for  mA,  with 

preannealing.  The  data  for  ium-240  min  are  fitted  with  straight  line. 


FIG.  5.  Switching  field  from  Mj-H,  measurement,  without  preannealing, 
for  I ^=^50  mA. 
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where  is  the  density  of  anisotropy  at  the  wire  axis,  Tq  is 
the  initial  (f=0)  value  of  the  radius  of  inner  core,  and  «  is  a 
parameter  introduced  to  describe  the  shape  of  the  function 
k{r).  This  parametrization  was  found  to  be  useful*  to  de¬ 
scribe  the  tension  dependence  of  bistability  in  the  wire  with 
the  same  composition.  With  this  function,  remanence  mag¬ 
netization  can  be  calculated^  as  an  average  of  the  cosine  of 
local  mapetization  with  the  wire  axis.  Actually,  we  get  good 
accordance  with  experimental  data,  applying  the  same  values 
of  the  parameters  k^  and  «,  which  were  found  previously* 
from  tension  dependence  of  m,  and  H*  (ito=-1575  and 
-1785  MPa,  n=0.4  and  0.2  for  as-quenched  wire,  and  for 
ta„n=5  min,  respectively).  However,  the  fitting  values  of  Tq 
are  changed  (example  giving,  from  24  to  31  /tm  for  as- 
quenched  wire).  The  results  of  the  calculations  are  presented 
in  Fig.  1.  These  values  indicate  that  reduced  remanence  mag¬ 
netization  is  remarkably  larger  than  the  ratio  of  the  volume 
of  inner  core  to  the  volume  of  a  wire. 

The  torsion  dependence  of  switching  field  is  known^  to 
be  dominated  by  torsion-induced  helical  anisotropy  k^.  The 
order  of  magnitude  of  both  densities  of  magnetic  anisotropy, 
k{r)  and  k^,  is  the  same  in  the  average  over  the  volume  of  a 
wire.  However,  the  latter  dominates  near  r= r^,  where  nucle- 
ation  processes  occur.  These  processes  are  known  to  deter¬ 
mine  the  value  of  switching  field  for  the  propagation 
mechanism.^  Still,  our  measurements  of  H*  can  hardly  be 
fitted  by  a  square  root  of  torsion-induced  anisotropy.  This 
difficulty  is  particularly  clear  for  long  annealing  times  (Fig. 
3).  Additional  enhancement  of  the  curve  for  higher 
values  of  torsion  can  be  produced  by  the  torsion-induced 
canting  of  local  magnetic  moments  by  an  angle  a.  In  such  a 
case,  appropriate  expression  for  switching  field  is  known®  to 
contain  the  multiplying  factor  (cos  «)“*  .  According  to  our 
evaluations,  this  correction  is  of  order  of  3%. 

The  values  of  switching  field  measured  from  the  Mj-H^ 
hysteresis  loop  should  be  evaluated  at  the  radius  of  inner 


core.  This  radius  cannot  be  determined  accurately.  However, 
any  reasonable  estimation  gives  the  value  of  H*  lower,  than 
this  one  for  M^-H^  experiment.  More  detailed  discussion  on 
this  difference  for  nearly  zero-magnetostrictive  wires  is 
given  elsewhere,"*  and  those  arguments  are  valid  only  par¬ 
tially  for  the  nonzero-magnetostrictive  system,  which  is  dis¬ 
cussed  in  this  paper.  Here  we  would  like  to  state  only,  that 
these  differences  are  expected  to  be  enhanced  by  helical 
magnetization  in  the  region  between  inner  core  and  outer 
shell. 

Concluding,  measurements  of  torsion  dependence  of  bi¬ 
stability  in  Co-rich  amorphous  wires  indicate  that  the  domain 
structure  of  a  wire  is  stabilized  by  torsion.  Switching  field 
measured  from  the  M^-H^  hysteresis  loop  is  found  to  be 
sensitive  to  local  magnetic  state  of  the  boundary  between 
inner  core  and  outer  shell.  Outer  shell  gives  remarkable  con¬ 
tribution  to  remanence  magnetization. 
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We  report  measurements  of  the  intensity  i.nd  position  of  the  satellites  arising  from  the  helimagnetic 
structure  of  Ho  in  1.4.  and  3  T  6-axis  magnetic  fields.  There  are  a  number  of  lock-in  effects  at 
commensurate  values  of  the  spiral  wave  vector  r,  here  we  report  on  those  in  the  temperature  range 
115-132  K.  We  confirm  our  previous  observation  of  the  lock-in  at  t=5/18  between  125  K  and  the 
Neel  temperature  (132  K).  We  have  discovered  a  two-phase  region  in  which  the  5/18  phase  coexists 
with  an  incommensurate  phase.  In  this  two-phase  region,  the  proportion  of  the  5/18  phase  increases 
with  temperature  from  onset  at  119  K  to  full  lock-in  at  125  K.  The  existence  of  this  two-phase  region 
may  have  significant  influence  on  interpretation  of  the  magnetic  phase  diagram. 


There  is,  by  now,  a  large  body  of  results  obtained  using 
neutron  scattering  to  study  the  magnetic  phases  of 
holmium,*"®  in  addition  to  research  with  ultrasonic, 
magnetization,*^  specific  heat,*'*  x-ray,*^’*®  and 
dilatometric*’"*®  techniques.  Yet  there  is  much  that  is  undis¬ 
covered  about  the  magnetic  structure  of  this  rare  earth  metal. 
Our  recent  studies*"*  have  focused  on  the  lock-in  behavior 
of  the  spiral  wave  vector  t.  In  a  c-axis  magnetic  field  we 
have  discovered  lock-ins  at  commensurate  values  of  t=1/5 
and  1/4  reciprocal  lattice  units  (rlu)  at  43  and  96  K,  respec¬ 
tively.  Investigations*’®  in  a  6 -axis  field  have  shown  lock-ins 
at  r=l/4  rlu,  and  a  higher  temperature  lock-in  at  t=5/18  rlu 
at  about  125  K  which  persists  up  to  the  Neel  transition.  It  is 
interesting  to  note  that  this  value  of  5/18  also  appears  to  be 
the  ultimate  value  reached  in  zero  field,  or  c-axis  fields  up  to 
3  T.*  In  this  case,  however,  the  width  of  any  commensurate 
region  must  be  small  as  it  has,  so  far,  evaded  detection.  There 
are  also  intensity  anomalies  of  the  (IOt)  peaks  at  the  bound¬ 
aries  of  these  locked-in  regions  that  have  not  yet  been  ex¬ 
plained.  The  work  reported  here  concentrates  on  the  tem¬ 
perature  region  from  115  K  to  the  Neel  transition  in  1.4  and 
3  T  6 -axis  magnetic  fields.  We  have  refined  our  earlier  ob¬ 
servation  of  the  lock-in  at  t=5/18  rlu  and  have  also  observed 
an  anomalous  intensity  variation  as  the  lock-in  is  ap¬ 
proached.  We  have  found  evidence  that,  before  full  lock-in  is 
achieved,  there  is  a  temperature  region  in  which  two  phases 
coexist;  one  with  an  incommensurate  value  of  zand  the  other 
commensurate  (at  t=5/18  rlu).  We  find,  based  on  these  and 
previous  measurements,  that  this  effect  is  not  caused  by  in- 
homogeneiiy  of  the  applied  field  or  in  the  sample.  A  two- 
phase  region  enables  us  to  interpret  the  meaning  of  phase 
boundaries  previously  observed*^  in  the  phase  diagram. 

The  experiments  were  performed  at  the  Chalk  River 
Laboratories  of  AECL  Research  in  Chalk  River,  Ontario,  us¬ 
ing  the  N5  triple-axis  neutron  spectrometer.  The  measure¬ 
ments  were  made  at  zero-energy  transfer  (elastic  scattering) 
with  the  monochromator  set  to  an  energy  of  8.2  THz.  The 
sample,  a  single  crystal  of  holmium  with  dimensions  roughly 
2X1X1  cm,  was  mounted  in  the  M2  cryostat^  that  allows 


350°  access  for  the  neutron  beam  and  a  temperature  range 
from  4.2  K  to  room  temperature.  The  sample  orientation  was 
such  that  we  could  observe  (60/)  reflections.  The  tempera¬ 
ture  was  read  and  controlled  with  a  platinum  resistance  ther¬ 
mometer  mounted  in  the  base  of  the  probe  (the  temperatures 
were  high  enough  that  magnetoresistance  effects  in  the  ther¬ 
mometer  were  negligible). 

The  helimagnetic  structure  of  holmium  below  the  Neel 
transition  is  generally  incommensurate  with  the  period  of  the 
lattice,  with  a  temperature-dependent  wave  vector  t.  Thus,  a 
r  of  1/4  rlu  represents  four  lattice  units  along  the  c  axis  in 
real  space  before  the  structure  repeats.  The  magnetic  satel¬ 
lites  are  a  distance  ±“t”  rlu  in  the  c*  direction  away  from 
the  nuclear  scattering  peaks  in  reciprocal  space.  All  of  the 
peaks  move  in  reciprocal  space  as  the  temperature  changes, 
because  of  thermal  expansion.  We  therefore  measured  t  as 
the  distance  between  the  nuclear  peak  at  (100)  and  its  satel¬ 
lite  at  (IOt).  The  (100)  peak  and  the  satellite  at  (IOt)  were 
scanned  in  the  c*  '^"rection.  Gaussian  fits  were  made  to  the 
peaks,  and  the  difference  between  the  centers  of  the  peaks 
yielded  our  value  for  t.  The  fits  to  the  centers  of  the  peaks 
show  a  standard  deviation  of  0.0001  rlu  and  we  estimate  our 
absolute  values  of  Tto  be  good  to  ±0.0005  rlu.  t  genera Ty 
varies  smoothly  with  temperature,  but  in  a  magnetic  field  tne 
temperature  dependence  decreases  as  t  locks  in  at  certain 
commensurate  values. 

The  lock-in  studied  here  extends  from  ihe  Neel  tempera¬ 
ture  down  to  a  lower,  field-dependent  temperature  which  is 
125  K  in  a  3  T  6-axis  field.  This  is  the  first  known  transition 
from  a  paramagnetic  phase  directly  to  a  commensurate  phase 
observed  in  a  rare  earth  metal.  Some  previous  work'*  had 
suggested  that  this  lock-in  occurred  with  t=  8/29 =0.2757  rlu 
but  our  measurements®  have  previously  indicated  that  the 
correc*  t  value  for  this  lock-in  is  5/18=0.2778.  Our  latest 
results,  shown  in  Fig.  1,  confirm  that  5/18  is  indeed  the 
lock-in  value  and  that  8/29  is  outside  the  error  range.  We 
have  also  observed  this  lock-in  in  a  1.4  T  6 -axis  field.  The 
temperature  region  where  the  lock-in  occurs  in  1.4  T  is 
smaller,  since  the  energy  gained  by  transition  to  the  commen- 


6318  J.  Appl.  Phys.  75  (10),  15  May  1994 


0021  -8979/94/75(1 0)/631 8/3/$6.00 


©  1994  American  Institute  of  Physics 


FIG.  1.  TVS  temperature  in  a  3  T  6-axis  applied  magnetic  field,  rvalues  of 
5/18  and  8/29  are  shown  by  dashed  lines.  These  data  clearly  support  a 
lock-in  at  t=5/18. 


surate  structure  is  smaller  in  the  lesser  field.  The  ratio  of  the 
temperature  widths  at  3  T  and  1.4  T  (7  K/1.5  K)  is  equal  to 
the  square  of  the  ratio  of  the  fields  (3  T/1.4  T)^.  The  rvalue 
at  lock-in  is  still  very  close  to  5/18  rlu  in  1.4  T  fi-axis  field. 

Figure  2  shows  that  the  peak  widths  arising  fi-om  fits  to 
the  (IOt)  peak  with  a  single  Gaussian  have  a  curious  feature. 
Outside  the  119-125  K  range,  the  full  width  at  half  maxi¬ 
mum  (FWHM)  of  both  the  (lOr)  and  the  (100)  peaks  are 
stable  at  0.0072  rlu.  However,  inside  this  temperature  region 
the  width  of  the  (lOr)  peak  rises  strongly  while  the  width  of 
the  nuclear  (100)  peak  stays  constant.  The  intensity  of  the 
(IOt)  satellite  also  shows  an  anomaly  here  (Fig.  3).  This  is 
similar  to  intensity  variations  we  nave  found  at  the  bound¬ 
aries  of  other  lock-in  regions.  The  smooth  curve,  of  a  critical 
exponent  form,  in  Fig.  4  shows  the  anomaly  clearly:  the  fit  is 
good  everywhere  except  in  the  119-125  K  range.  If  we  look 
at  the  single  Gaussian  fit  to  the  scan  (shown  by  the  dashed 


FIG.  2.  The  full  width  at  half  maximum  vs  temperature  for  the  (IOt)  satel¬ 
lite  peak  (A)  and  the  (100)  nuclear  peak  (■),  using  a  single  Gaussian  fit  in 
a  3  T  6-axis  field.  Notice  the  sharp  rise  in  apparent  width  of  (lOr)  m  the 
two-phase  region.  The  data  for  (100)  have  been  displaced  downwards  by 
0.001  rlu,  for  clarity. 


FIG.  3.  A  plot  of  total  counts  in  each  run  vs  temperature.  The  curve  is  a  fit 
to  with  fi=0.327  and  Tfi=132.9  K.  The  anomaly  in  the 

two-phase  region  has  some  similarity  to  that  seen  on  entering  other 
locked-in  regions. 

line  in  Fig.  4)  we  see  that  it  is  clearly  lopsided.  This  led  us  to 
believe  that  a  two-Gaussian  fit  might  be  more  suitable:  If  this 
widening  arises  from  the  coexistence  of  two  phases  with  dif¬ 
ferent  r’s,  then  a  two-Gaussian  fit  is  a  more  appropriate  rep¬ 
resentation  of  the  physical  situation.  The  width  of  each  of  the 
two  Gaussians  should  then  be  the  same  as  that  outside  the 
two-phase  region  (0.0072  rlu).  We  also  assumed  that,  rather 
than  having  two  coexisting  incommensurate  phases,  one  of 
the  phases  should  be  commensurate,  because  of  the  proxim¬ 
ity  to  the  commensurate  lock-in  at  t=5/18  rlu.  We  therefore 
fixed  the  position  of  one  peak  at  t=5/18  rlu  and  allowed  the 
other,  incommensurate,  peak  to  move  (from  an  initial  value 
of  7=0.2668  rlu  to  5/18).  These  restrictions  reduce  the  num¬ 
ber  of  parameters  in  the  fitting  procedure  to  the  same  number 
that  were  used  previously  with  the  single-Gaussian  fit.  The 
solid  line  in  Fig.  4  shows  that  the  two-Gaussian  fit  to  the  data 
is,  indeed,  much  better  than  the  single-Gaussian  fit.  The  in- 


FIG.  4.  The  dashed  line  shows  a  single-Gaussian  fit  to  the  (IOt)  peak  in  the 
two-phase  region  at  122.3  K.  Notice  the  lopsidedness  of  the  fit.  The  solid 
line  shows  a  two-Gaussian  fit  to  the  same  data.  Although  the  number  of  free 
parameters  remains  the  same,  the  result  is  a  far  better  fit.  At  this  temperature 
the  peaks  are  separated  by  only  0.005  rlu. 
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FIG.  S.  Intensity  of  the  unlocked  (lOr)  peak  (■)  and  the  intensity  of  the 
locked  (IOt)  peak  (□)  vs  temperature  over  the  two-phase  region. 

tensities  of  the  commensurate  and  incommensurate  phases 
are  shown  in  Fig.  5.  The  intensity  of  the  locked-in  phase 
increases  smoothly  up  to  125  K  while  that  of  the  incommen¬ 
surate  phase  decreases  in  a  similar  manner,  disappearing  rap¬ 
idly  at  125  K.  In  the  region  above  123.6  K  (where  the  in¬ 
commensurate  peak  is  very  close  to  the  commensurate  value 
and  becoming  very  weak)  the  fits  to  the  individual  peaks 
become  quite  uncertain  although,  of  course,  the  total  is  fitted 
well. 

We  had  some  doubt  as  to  whether  or  not  this  two-phase 
region  is  genuine  or  is  merely  a  result  of  an  inhomogeneous 
internal  magnetic  field  in  the  sample.  By  measuring  the  slope 
of  the  coexistence  curve  on  the  6-axis  field  phase  diagram 
(Fig.  4  of  the  paper  by  Willis  et  alP)  near  125  K  and  3  T,  we 
found  that  the  field  would  have  to  vary  by  at  least  10%  over 
the  volume  of  the  sample  to  give  a  two-phase  region  that  was 
5  K  wide.  However,  the  applied  field  profile  varies  by  less 
than  2%  over  the  sample  volume  so  this,  in  itself,  cannot 
account  for  the  effect.  Another  possibility  is  that  the  irregular 
shape  of  the  sample  leads  to  internal  field  inhomogeneity. 
Supposing  that  it  did,  and  noting  that  Willis  et  alP  show  [in 
their  Fig.  2(b)]  that  the  magnetization  does  not  change  sig¬ 
nificantly  between  100  and  125  K  and  that  the  magnitude  of 
the  slope  of  the  coexistence  curve  at  the  t=1/4  rlu  lock-in  is 
very  similar  to  that  at  125  K  and  3  T,  the  same  field  inho¬ 
mogeneity  would  give  the  same  5  K  distribution  in  phases  at 
the  two  different  temperatures.  This  would  completely  smear 
out  the  T=  1/4  lock-in,  which  is  not  the  case.®  Thus,  internal 
field  inhomogeneity  cannot  account  for  the  two-phase  re¬ 
gion.  This  also  demonstrates  that  the  demagnetization  factors 


arising  from  sample  shape  are  negligible.  However,  there 
remains  the  possibility  that  this  two-phase  region  is  a 
sample-dependent  feature,  as  has  so  often  plagued  experi¬ 
ments  in  the  rare  earths.  Further  experiments  to  investigate 
this  region,  with  other  samples,  are  desirable. 

In  summary,  the  measurements  reported  here  allow  us  to 
identify  one  of  the  phases  previously  observed  and  reinter¬ 
pret  the  6-axis  magnetic  phase  diagram  in  this  region,  as  a 
new  phase  is  present  in  the  120-125  K  region  at  3  T.  There 
may  be  a  splitting  of  one  of  the  coexistence  curves  as  seen 
earlier  for  the  c-axis  phase  diagram.^’® 
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Magnetic  critical  neutron  scattering  from  a  single  crystal  of  Cr+0.18  at.  %  Re*  was  observed  above 
its  Neel  transition  (323  K)  to  an  incommensurate  spin  density  wave  state.  The  data  were  analyzed 
in  terms  of  the  critical  susceptibility  model  that  successfully  fit  analogous  data  from  single  crystals 
of  pure  chromium  and  Cr+0.2  at.  %  V?  An  additional  complication  in  this  case  is  the  fact  that  a 
small  portion  of  the  sample  becomes  commensurate  antiferromagnetic  at  a  temperature  well  above 
323  K,  which  causes  a  commensurate  magnetic  Bragg  peak  that  partially  obscures  the  critical 
scattering  near  323  K.  The  “Sato-Maki”  ^  form  of  incommensurate  critical  susceptibility  fits  the 
data  reasonably  well.^  The  intensity  of  magnetic  critical  scattering  in  Cr+0.18  at.  %  Re  is  about  a 
factor  2  stronger  than  in  pure  Cr,  whereas  in  Cr+0.2  at.  %  V  it  is  about  the  same  factor  weaker. 
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garnet  (abstract) 

I.  Matsubara,  K.  Hisatake,  and  K.  Maeda 

Department  of  Physics,  Kanagawa  Dental  College,  Yokosuka,  Kanagawa  238,  Japan 

After  illuminating  a  single  crystal  of  yttrium  iron  garnet  grown  by  a  modified  floating  zone  method 
at  77  K,  the  complex  permeability  was  measured  from  77  to  300  K  under  low  alternating  field.  As 
well  as  the  decreasing  of  permeability  and  the  appearance  of  a  peak  in  p!'-T  curve, 
disaccommodation  (DA)  or  the  change  of  permeability  with  time  was  found  to  be  induced  around 
140  and  210  K.  As  the  result  of  the  superposition  of  disaccommodation,  the  peak  in  the  curve 
is  observed  to  be  divided.  These  photoinduced  magnetic  effects  cannot  be  attributed  to  a  single 
origin,  for  only  photoinduced  DA  disappears  in  the  process  of  warming.  The  origins  are  discussed 
and  a  model  is  proposed,  taking  account  of  the  mobility  of  oxygen  vacancy  depending  on  the  charge 
state  and  the  photoexcited  electron. 
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Unidirectional  pinning  in  irradiated  Bi2Sr2CaCu208  (invited) 
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Bi2Sr2CaCu208  crystals  were  inadiated  with  heavy  ions  (Pb,  Xe)  to  produce  columnar  defects  along 
the  c  direction  or  at  45®  with  respect  to  it.  We  describe  the  dependence  of  the  critical  currents, 
irreversibility  fields,  pinning  force,  and  magnetic  relaxation  rates  on  the  dose  and  on  the  type  of 
ions.  The  irreversible  properties  of  the  Pb*irradiated  samples  are  more  enhanced  than  those  of  the 
Xe-irradiated  sample  at  low  temperatures,  and  vice  versa  at  high  temperatures.  At  low  temperatures 
the  efficiency  of  the  columns  defects  is  enhanced  with  the  ion  dose  but,  at  high  temperatures,  the 
maximum  dose  (2.5X10”  ions/cm^)  is  less  efficient  than  intermediate  doses.  The  unidirectional 
nature  of  the  columnar  pinning  centers  serves  to  demonstrate  that  the  vortices  maintain  linelike 
features.  For  most  of  the  inadiated  samples,  the  pinning  force  density  data  are  reduced  to  a  single 
curve  below  45  K.  The  relaxation  rates  at  low  temperatures  reflect  thermal  reduction  of  the  effective 
pinning  barriers. 


I.  INTRODUCTION 

Bi2Sr2CaCu208  (BSCCO)  is  characterized  by  weak  flux 
pinning  even  relative  to  other  high-temperature  supercon¬ 
ductors  (HTS).  This  is  reflected  in  its  low  critical  currents 
and  low  irreversibility  fields,*  which  hinder  high-current  ap¬ 
plications.  Therefore,  the  possibility  of  enhancing  the  pin¬ 
ning  force  is  important  not  only  for  studying  the  flux  prop¬ 
erties,  but  also  as  an  indication  of  the  possibility  of  reaching 
critical  currents  that  will  enable  high-current  applications. 
BSCCO  is  also  one  of  the  most  anisotropic  compounds 
among  the  known  cuprate  HTS,  due  to  the  weak  coupling 
between  the  Cu-0  layers.  The  effect  of  the  coupling  on  the 
vortex  properties  is  still  debated.  In  particular,  it  is  still  un¬ 
clear  in  what  range  of  field  and  temperature  the  coupling  is 
important  and  the  vortices  are  linelike,  and  at  what  range  the 
coupling  can  be  neglected  and  the  vortices  are  two  dimen¬ 
sional  “pancakes”.^  References  3-15  list  some  of  the  ex¬ 
perimental  works  dealing  with  this  issue. 

Columnar  defects  are  now  a  common  probe  for  studying 
flux  properties  in  HTS.*^"^  These  defects,  induced  by 
heavy-ion  irradiation,  have  several  advantages.  Columnar 
defects  are  very  efficient  pinning  centers;  thus  their  effect 
indicates  how  much  the  pinning  force  may  be  artificially 
enhanced.  In  addition,  these  defects  are  oriented  and  it  is 
possible  to  distinguish  between  linelike  vortices  and  pure 
two-dimensional  pancakes  by  looking  for  the  dependence  of 
pinning  properties  on  the  angle  between  the  applied  field  and 
the  defects.*^  Linelike  vortices  are  most  efflciently  pinned 
when  they  are  oriented  along  the  defect,  and  tilting  them 
away  fi-om  the  defects  should  decrease  pinning.  On  the  other 
hand,  no  angular  dependence  is  expected  for  two- 
dimensional  pancakes,  since  the  density  of  pinning  centers  in 
each  Cu-0  plane  is  what  matters,  and  the  correlation  of  pin¬ 


ning  centers  at  different  planes  is  not  relevant.  Thus,  impor¬ 
tant  information  concerning  the  vortices  dimensionally  may 
be  obtained  by  studying  the  angular  dependence  of  the  pin¬ 
ning  properties.’^"'* 

In  previous  works’*"'*  we  have  demonstrated  the  unidi¬ 
rectional  nature  of  the  columnar  defects  in  BSCCO  via  the 
hysteresis  loops,  M{H).  Typical  results  are  shown  in  Fig.  1. 
The  figure  describes  the  evolution  of  the  unidirectional  pin¬ 
ning  with  temperature  via  the  difference  between  the  hyster¬ 
esis  loops  recorded  for  field  in  the  direction  of  the  columnar 
defect  (+45°)  and  for  the  field  perpendicular  to  it  (-45°)  for 
sample  B3  (see  Table  I).  We  find  that  the  magnetization  is 
largest  for  fields  applied  along  the  defects  and  conclude  that 
this  unidirectional  pinning  indicates  the  linelike  nature  of 


HjJOe)  HjJOt) 


FIG.  1.  Magnetization  curves  for  sample  B3  with  the  applied  field  at  ±45° 
relative  to  the  c  direction  at  40,  50,  60,  and  70  K. 
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TABLE  I.  Information  on  the  samples  under  investigation.  Dimensions,  ion 
type,  dose,  angle  of  irradiation,  and  the  effective  pinning  at  7=20  K. 


Dimensions  (mm^) 

Ion 

Dose 

(ions/cm^) 

4> 

(deg) 

y.ff(e/) 
7=20  K 

BO 

1.25  X0.75X0.05 

_ 

_ 

0.0065 

B1 

1.5  'X0.044 

Pb 

10“ 

0 

0.049 

B2 

1.6.  O.95X0.046 

Pb 

10" 

0 

0.045 

B3 

1.6X0.9X0.046 

Pb 

10" 

45 

0.056 

B4 

1X0.95X0.042 

Pb 

2.5X10" 

0 

0.055 

B5 

1.3X0.66X0.0835 

Xe 

10" 

45 

— 

vortices  in  BSCCO.  In  this  article  we  pursue  these  previous 
works  and  describe  extensive  magnetic  measurements  on 
BSCCO  crystals  irradiated  with  Pb  or  with  Xe  ions.  We  re¬ 
port  on  (i)  the  dependence  of  the  critical  current  and  (ii)  the 
dependence  of  the  irreversibility  line  on  the  dose  and  on  the 
type  of  irradiation;  (iii)  the  scaling  properties  of  the  pinning 
force  density;  (iv)  the  angular  dependence  of  and  the  ir¬ 
reversibility  line;  and  (v)  a  preliminary  study  of  relaxation  of 
the  remanent  magnetization. 

II.  EXPERIMENT 

The  measurements  were  performed  on  BSCCO  crystals 
irradiated  with  5.8-GeV  Pb  ions  or  6-GeV  Xe  ions  along  the 
c  direction  or  at  45“  with  respect  to  it.  Irradiation  was  carried 
out  at  the  Grand  Accelerateur  National  d’lons  Lourds 
(GANIL,  Caen,  France).  The  Pb  ions  produce  continuous 
columnar  defects  along  their  paths.  The  Xe  ions  did  not  pro¬ 
duce  columnar  defects,  but  only  clouds  of  clusters  dispersed 
around  the  ion  trajectory.  In  the  case  where  the  diameter  of 
these  clouds  is  smaller  than  the  distance  between  two  neigh¬ 
boring  ion  trajectories,  the  Xe  ions  tracks  act  as  correlated 
disordered  defects.^'  All  our  measurements  were  performed 
on  an  Oxford  Instruments  vibrating  sample  magnetometer 
(VSM).  The  sample  preparation  is  described  in  Ref.  22.  The 
transition  temperature  7^=85  K  of  the  unirradiated  samples 
is  reduced  by  less  than  0.5  K  after  irradiation.  Table  I  lists 
the  samples  under  investigation,  their  dimensions,  and  the 
details  of  ion  irradiation. 

III.  RESULTS  AND  DISCUSSION 
A.  Critical  currents 

The  critical  currents  were  estimated  from  the  width  of 
the  magnetization  curves,  using  the  Bean  modeP  for  rectan¬ 
gular  samples.^  The  main  response  of  the  sample  magneti¬ 
zation  is  in  the  Cu-0  planes,  i.e.,  the  response  due  to  (the 
component  of  the  field  perpendicular  to  the  planes).  There¬ 
fore,  in  comparing  magnetization  curves  with  the  applied 
field  at  different  angles  relative  to  the  c  direction,  we  use 
values.  Figure  2(a)  shows  the  critical  current  7^  as  a  function 
of  temperature,  at  a  constant  field  //j^  =  0.75  T,  applied 
along  the  defect,  for  the  BSCCO  crystal  under  investigation. 
Note  that  Hi  is  larger  than  the  self-field^  (d  is  the 

shortest  dimension  of  the  sample),  in  order  to  avoid  uncer¬ 
tainties  in  determination  of  .  The  figure  shows  that  (I)  the 
critical  current  increases  with  the  dose  and  (II)  the  Pb  irra- 


T(K) 


lyOe) 


FIG.  2.  (a)  The  critical  current  density  as  a  function  of  temperature  at 
T  for  various  samples,  (b)  The  critical  current  density  at  7=60 
K  as  a  function  of  magnetic  field  for  the  irradiated  samples. 

diation  is  more  efficient  in  enhancing  Jc  than  the  Xe  irradia¬ 
tion.  As  we  show  below,  these  two  observations  hold  only 
below  50  K. 

Figure  2(b)  shows  the  critical  current  as  a  function  of 
field,  for  the  isotherm  7=60  K,  for  irradiated  BSCCO  crys¬ 
tals.  We  note  that  //,  at  60  K  in  these  samples  is  not  larger 
than  300  Oe.  At  this  temperature,  of  sample  B4  (Pb- 
irradiated,  2.5X10"  ions/cm^)  is  smaller  than  that  of  B2  (Pb, 
lO").  Also,  it  is  apparent  that  the  critical  current  of  sample 
B5  (Xe-irradiated,  lO")  is  higher  than  the  critical  current  of 
all  other  irradiated  samples.  Thus,  at  approximately  50  K 
there  are  two  crossover  phenomena:  first,  in  the  efficiency  of 
the  columnar  defect,  the  maximum  dose  becomes  relatively 
less  efficient  at  high  teniperatures;  second,  in  the  efficiency 
of  the  defects  created  by  the  Xe  irradiation:  at  low  tempera¬ 
tures,  columns  produced  by  Pb  ions  are  more  efficient  in  flux 
trapping  than  defects  produced  by  Xe  ions,  whereas  at  high 
temperatures  the  reverse  situation  is  observed.  Insight  into 
these  phenomena  is  obtained  from  the  analysis  of  the  irre¬ 
versibility  line  and  the  pinning  force  density,  which  follows 
below. 

B.  Irieverslbllity  line  (IRL) 

The  irreversibility  field  was  determined  from  the  hyster¬ 
esis  loops  with  a  criterion  of  7(.<  100  A/cm~.  Figure  3  shows 
the  irreversibility  field  as  a  function  of  temperature  for  dif¬ 
ferent  doses  and  types  of  inadiation.  Note  that  in  this  figure 
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FIG.  3.  The  irreversible  field  H-„  as  i  function  of  temperature  for 
various  samples. 


we  present  the  IRL  of  sample  B3;  the  IRL  of  sample  B2  (the 
same  dose  but  irradiated  in  the  c  direction)  is  almost  the 
same.  The  irradiation  shifts  the  irreversibility  field  upwards 
in  a  significant  way.  At  low  temperatures,  the  shift  is  more 
pronounced  for  higher  doses  of  irradiation.  However,  at  tem¬ 
peratures  above  55  K  this  is  not  the  case.  Between  50  and  60 
K  there  is  a  crossing  of  the  irreversibility  lines  of  the  samples 
irradiated  by  Pb  ions  with  doses  of  10“  and  2.5X10'* 
ions/cm^  (samples  B3  and  B4,  respectively).  This  crossover 
indicates  that  there  is  an  optimum  irradiation  dose  of  Pb  ions 
at  high  temperatures  above  which  the  critical  current  be¬ 
comes  smaller. 

The  crossover  can  probably  be  related  to  a  transition 
between  two  mechanisms  of  nonlogarithmic  creep  processes. 
It  was  theoretically  shown***  that  a  creep  process  in  the  pres¬ 
ence  of  columnar  defects  is  governed  by  a  nucleation  motion 
of  vortex  lines.  Such  a  motion  can  be  realized  by  two  differ¬ 
ent  mechanisms.  At  a  low  density  of  columnar  defects,  when 
the  transverse  localization  length  of  a  vortex  line  is 
smaller  than  d, ,  the  averaged  distance  between  the  columnar 
defects,  the  creep  process  is  dominated  by  the  motion  of 
vortex  lines  to  the  bulk  after  being  liberated  from  the  colum¬ 
nar  defect.  At  high  density  of  columnar  defects,  when 
comparable  with  d^,  the  creep  process  is  dominated  by  a 
motion  of  flux  lines  via  a  sequence  of  hops  from  one  colum¬ 
nar  defect  to  an  adjacent  one.  The  increase  of  columnar  de¬ 
fects  density  results  therefore  in  a  suppression  of  the  effec¬ 
tive  barrier  for  flux  creep  and  in  the  enhancement  of  the 
relaxation  rate.  The  crossover  temperature  between  the  two 
processes  depends  on  the  density  of  defects  and  occurs  at 
lower  temperatures  for  the  larger  dose.  This  crossover  in  the 
flux-creep  process,  which  was  identified  experimentally^  in 
BSCCO  crystals  with  columnar  defects,  is  probably  respon¬ 
sible  for  the  crossovers  of  and  of  the  IRI.S  between 
samples  B3  and  B4. 

Another  interesting  feature  apparent  from  Fig.  3  is  the 
crossing  of  the  IRLs  of  the  Xe-irradiated  sample  (B5)  and 
those  of  the  Pb-irradiated  samples  (B3  and  B4)  at  55  K.  At 
low  temperatures  the  IRL  of  the  Xe-irradiated  sample  (B5) 
follows  the  IRL  of  the  sample  inadiated  by  Pb  ions  with  the 
same  dose  (lO",  B3).  At  55  K,  however,  the  IRLs  of  the 


FIQ.  4.  (a)  The  rescaled  pinning  force  density  fp  =  FplFp^p^  as  a  function 
of  the  reduced  field  b*=HIHna<  for  sample  B5  at  various  temperatures. 
The  solid  line  denotes  the  function  b*(2-b*).  (b)  The  rescaled  pinning 
force  density  fp^^FplFp^^a  as  a  function  of  the  reduced  field  b*=HIHaa  > 
for  various  irradiated  samples  at  r=20  K.  The  solid  line  denotes  the  func¬ 
tion  f)»(2-i>*). 

Pb-irradiated  samples  decrease  rapidly  whereas  the  IRLs  of 
the  Xe-irradiated  sample  decrease  quite  slowly  with  T.  This 
indicates  that  the  efficiency  of  columnar  defects  produced  by 
the  Pb  ions  decreases  strongly  at  high  temperatures.  Also,  the 
irreversibility  lines  of  all  the  samples  irradiated  by  Pb  ions 
tend  to  converge  at  the  high-temperature  regime  of  the  ine- 
versibility  line.  This  convergence,  first  observed  by  Hardy 
et  al.^  provides  another  indication  of  the  rapid  decrease,  at 
high  temperatures,  of  the  efficiency  of  the  defects  produced 
by  the  Pb  ions.  The  surprising  observation  that  the  IRL  of  the 
Xe  sample  (B5)  decreases  more  moderately  than  that  of  the 
Pb  samples  suggests  that  a  new  pinning  mechanism  becomes 
dominant  at  high  temperatures  in  the  Xe-irradiated  sample. 

The  difference  between  the  inadiation  by  the  Pb  and  Xe 
ions  can  provide  an  explanation  for  the  above  observations. 
Since  the  Xe  ions  produce  only  clouds  of  dispersed  aniso¬ 
tropic  defects,  while  the  Pb  ions  produce  continuous  defects, 
we  expect  that  at  low  temperatures  the  Pb  irradiation  pro¬ 
vides  more  efficient  defects.  At  high  temperature,  however, 
vortices  start  to  wander  inside  and  between  the  clouds. 
Above  some  threshold  temperature,  when  the  mean  ampli¬ 
tude  of  thermal  fluctuations  becomes  larger  than  the  spacing 
of  clusters  within  clouds,  the  defects  created  by  the  Xe  irra¬ 
diation  become  equivalent  to  columnar  defects  with  the  di¬ 
ameter  of  the  clouds.^*  The  efficiency  of  these  columnar  de- 
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fects  at  high  temperatures  is  higher  than  those  of  the 
columnar  defects  created  by  the  Pb  ions,  since  the  diameter 
of  the  clouds  seems  to  be  larger.  We  suggest,  therefore,  that 
the  origin  of  the  new  pinning  mechanism  in  the  Xe-irradiated 
sample  is  the  columnarlike  depots  created  at  high  temiiSra- 
bues. 

C.  Density  of  the  pinning  force 

Figure  4(a)  shows  Fp  as  a  function  of  H  (we  assume  that 
H^B)  for  sample  B5,  irradiated  by  Xe  ions.  The  data  are 
presented  in  the  normalized  coordinates  fp  =  FpIFp^,^  vs 
b  * =H/Hjaax .  where  Fp,n,ax  is  the  maximal  value  of  Fp ,  and 
is  the  value  of  H  at  Fp  „,^.  The  figure  demonstrates 
that  below  the  data  for  all  isotherms  below  45  K  can  be 
reduced  to  a  single  curve.  The  scaling  of  the  pinning  force 
density  for  the  irradiated  samples  at  temperatures  below  45 
K  indicates  that  a  single  dominant  pinning  mechanism  is 
involved.^®’^® 

The  general  shape  of  the  curves  for  r<45  K  closely 
resembles  the  parabola /p(b*)  =  b*(2-b*).  Asimilar  func¬ 
tion  (though  with  Hcz  as  the  scaling  field)  has  been  analyti¬ 
cally  derived  and  used  for  samples  with  Ak  pinning  of  vol¬ 
ume  defects.^”  Different  functional  forms  of  fp(b*)  were 
recently  identified  in  unirradiated  and  proton-irradiated 
YBa2Cu307  (YBCO)  crystals.^*’^^  The  difference  in  the  scal¬ 
ing  functions  is  clearly  consistent  with  the  difference  in  the 
pinning  size  (point  or  cloud)  taking  place  in  these  systems. 

The  similarity  in  the  functional  form  of  the  curves  is  lost 
for  large  fields  at  7'>40  K:  the  pinning  force  density  does 
not  drop  sharply  to  zero,  as  is  the  case  for  r<40  K,  but 
rather  decreases  slowly  so  that  a  “tail”  originates  at  high 
fields  [see  Fig.  4(a)].  For  even  higher  temperatures  the  scal¬ 
ing  in  the  range  H<H„„  also  breaks  down. 

A  similar  scaling  was  also  found  in  the  other  irradiated 
crystals  (61,  B2,  and  B3),  at  low  temperatures.  This  is  dem¬ 
onstrated  in  Fig.  4(b),  which  shows  fpVsb*  for  the  samples 
Bl,  B2,  and  B3  together  with  B5,  at  r=  20  K.  The  scaling  in 
the  range  H<H^„  is  clearly  evident.  The  general  shape  of 
the  curves,  except  for  sample  Bl,  follows  the  function 
fp{b*)=b*(2-b*).  At  higher  temperatures,  however,  the 
fp{b*)  curve  develops  a  tail  in  the  large-field  regime,  and  as 
the  temperature  is  further  increased  the  scaling  in  the  low- 
field  regime  does  not  hold  any  more.  It  is  interesting  to  note 
that  both  the  unirradiated  sample  and  the  sample  with  the 
largest  dose  of  irradiation  (B4)  do  not  exhibit  the  scaling 
discussed  abo^'e. 

The  abseiic  .  of  the  scaling  of  the  pinning  force  at  tem¬ 
peratures  higher  than  45  K  can  possibly  be  related  to  the 
appearance  of  a  tail  in  the  pinning  force  density  curve  at  high 
temperatures  (r>45  K).  A  tail  in  the  pinning  force  density 
was  recently  observed  in  irradiated  YBCO  crystals,^^  and 
was  attributed,  using  flux  creep  models,  to  an  increase  in  the 
thermal  activation.  We  suggest  an  alternative  explanation, 
namely  that  a  different  pinning  mechanism  starts  to  be  im- 
pxrrtant  for  r>45  K.  This  possibility  is  consistent  with  the 
increase  of  the  critical  current  of  the  sample  irradiated  by  Xe 
ions  in  mparison  to  the  rapid  decrease  of  the  of  the 
samples  inadiated  by  Pb  ions,  at  high  temperatures  [see  Fig. 
2(b)]. 


FIG.  5.  The  critical  current  density  of  sample  B3,  at  r=60  K,  as  a  function 
of  ffjL  for  different  field  directions.  Inset:  The  irreversible  field  as  a 
function  of  temperature  for  sample  B3  for  different  field  directions. 

We  note  that  there  are  several  difficulties  in  our  attempt 
to  obtain  information  from  the  functional  form  of  f(b*). 
First,  the  scaling  holds  only  up  to  Hj„„ ,  and  deviations  from 
scaling  are  observed  at  high  fields.  Second,  the  functional 
form  to  which  we  compare  f(b*)  was  derived  for  low- 
temperature  superconductors,  for  which  the  scaling  field  is 
the  upper  critical  field  Further  study  is  therefore  needed 
in  order  to  establish  the  relevance  ot  the  functional  form  of 
f(b*)  to  the  pinning  mechanism  in  HTS. 

D.  Angular  dependence 

The  angular  dependence  of  7^  is  described  in  Fig.  5, 
which  shows  the  critical  currents  of  sample  B3  for  different 
angles  between  the  field  and  the  columnar  defects.  The  maxi¬ 
mum  critical  current  is  obtained  for  the  external  field  in  the 
direction  of  the  defects  (45°),  thus  demonstrating  the  unidi¬ 
rectional  nature  of  . 

Another  demonstration  of  the  unidirectional  features  is 
provided  in  the  inset  of  Fig.  5,  which  shows  the  dependence 
of  the  irreversibility  field  on  the  direction  of  the  field  relative 
to  the  defect.  It  is  clear  that  the  irreversibility  field  decreases 
as  the  angle  between  the  field  and  the  defect  increases.  This 
is  a  clear  indication  of  the  presence  of  coupling  between  the 
layers,  which  yields  the  possibility  of  tilting  vortices  by  an 
external  field;  without  this  coupling  the  component  of  the 
field  parallel  to  the  planes  penetrates  freely  and  no  tilting  is 
possible. At  low  temperatures,  it  might  be  quite  difficult 
to  observe  unidirectional  pinning.**  However,  a  closer  look 
reveals  angular  dependenci.  also  in  this  temperature  regime. 

E.  Relaxation 

In  this  section  we  present  preliminary  results  on  relax¬ 
ation  measurements  for  Pb-irradiated  samples.  In  these  mea¬ 
surements  the  sample  is  cooled  in  the  presence  of  a  field  of 
1.6  T.  The  field  is  then  turned  off  and  the  relaxation  is  mea¬ 
sured.  The  results  should  be  treated  with  caution  due  to  the 
possible  effect  of  self-fields  in  this  procedure.  However,  the 
consistency  of  results  of  different  shapes  implies  that  the 
effect  of  self-fields  is  not  dominant.  Moreover,  we  wish  to 
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FIG.  6.  The  magnetic  relaxation  for  the  Pb-irradiated  samples  at  r=20  K 
and  30  K  (inset).  Note;  The  magnetic  moment  was  divided  by  its  value  at 
r=  100  sec  in  order  to  compare  data  obtained  from  different  samples. 

compare  our  results  to  other  reports^  in  which  relaxation  at 
zero  field  was  used.  At  low  temperatures,  the  relaxation  of 
the  inadiated  samples  in  the  experimental  time  window  are 
logarithmic  with  time.  We  thus  can  extract  the  effective  bar¬ 
rier  by  using  U=^kT/(d  In  M/d  In  t)  and  neglect  corrections 
of  the  interpolation  formula.  The  effective  barriers  that  are 
extracted  from  these  relaxation  rates  show  a  strong  decrease 
as  temperature  is  increased.  In  Fig.  6  we  present  the  logarith¬ 
mic  relaxation  of  the  remanent  magnetization  in  irradiated 
samples  for  20  and  30  K  (inset).  It  is  apparent  that  at  con¬ 
stant  temperature  the  relaxation  rates  at  the  various  samples 
are  very  similar  (see  an  example  in  Table  I),  although  there 
are  apparent  differences  in  the  magnitude  of  the  magnetiza¬ 
tion.  A  similar  result  of  converging  effective  baniers  for 
samples  with  different  irradiation  was  obtained  by  Gerhauser 
et  al  at  7=10  K.“  The  convergence  was  interpreted  as  an 
indication  that  the  intervortex  interactions  are  not  important 
and  thus  the  effective  banier  should  reflect  only  the  effective 
barrier  for  the  depinning  of  a  single  vortex  from  the  defect. 

In  our  previous  works'^"'*  we  reported  on  apparent  uni¬ 
directional  pinning  deduced  from  the  different  hysteresis 
locos  for  different  field  directions  with  respect  to  the  colum- 
nai  defects.  This  unidirectional  pinning  was  more  apparent 
above  50  K.  At  lower  temperatures  the  hysteresis  loops  look 
almost  identical  (see  Fig.  1),  i.e.,  the  relative  anisotropy  in 
M{H)  decreases  as  temperature  is  decreased.  The  reduction 
in  the  pinning  nier  as  temperature  increases  can  explain 
the  difference  i  the  relative  anisotropy  between  high  and 
low  temperatures.  At  low  temperatures,  when  the  applied 
field  is  not  in  the  direction  of  the  defect,  the  pinning  potential 
is  high  enough  to  overcome  the  Gibbs  free  energy,  and  thus 
the  hysteresis  loops  overlap  for  various  field  directions.*^’*^ 
When  the  temperature  increases  the  Gibbs  energy  plays  the 
major  role,  and  unidirectional  pinning  is  observed  at  all 
fields. 

IV.  SUMMARY  AND  CONCLUSIONS 

In  this  article  we  have  shown  that  columnar  defects  cre¬ 
ated  by  heavy-ion  irradiation  can  improve  the  irreversible 
properties  of  HTS  BSCCO  crystals  i.e.,  their  7^, 


IRL.  There  is  an  optimum  dose  of  inadiation  (approximately 
10‘‘  ions/cm^)  above  which  these  properties  suffer  a  reduc¬ 
tion.  Defects  produced  by  Xe  ions,  although  they  consist  of 
clouds  of  clusters,  can  be  treated  in  the  high-temperature 
range  as  columnar  defects  with  a  diameter  defined  by  the 
cloud’s  diameter.  We  conclude  that  at  the  range  of  tempera¬ 
tures  where  scaling  of  the  pinning  force  density  holds,  a 
single  pinning  mechanism  (probably  Ak  pinning  of  volume 
defects)  affects  the  magnetic  behavior.  The  angular  depen¬ 
dence  of  Jc  and  IRL  leads  us  to  conclude  that  the  vortices  in 
the  BSCCO  system  are  linelike  vortices.  The  temperature 
dependence  of  f/jg  can  explain  the  temperature  dependence 
of  the  relative  anisotropy  of  pinning  efficiency  of  columnar 
defects. 
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Unusual  transport  and  magnetic  properties  of  Tb-doped  YBa2Cu307  single 
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The  electrical  resistivity  p{T)  and  magnetic  susceptibility  xiJ,H)  (1.8^r=s350  K  and 
T)  have  been  measured  on  single  crystals  and  epitaxial  thin  films  of  Yi_;tTb^Ba2Cu307. 

The  Tc  is  92  K  and  irrespective  of  Tb  doping  up  to  a[:=0.50.  For  T>Tc,  p{T)  has  a  linear 
dependence,  i.e.,  p^T^’^A  +BT,  with  the  reduced  resistivity  p(T)/p{250  K)  forx=0.10, 0.25,  and 
0.50,  being  independent  of  Tb  doping.  The  results  of  magnetic  susceptibility  along  with  the 
computation  of  effective  moment  of  Tb  in  the  presence  of  crystal  electric  fields  (CEF)  tend  to 
suggest  that  the  Tb  is  mixed  valent.  The  insensitivity  of  to  the  Tb  doping  and  the  possibility  that 
Tb  may  be  mixed  valent  are  in  sharp  contrast  to  the  case  of  Pr  and  Ce  doping  which  have  been 
shown  to  be  very  deleterious  to  superconductivity.  The  magnetic  susceptibility  x(T)  is  extremely 
anisotropic,  and  this  anisotropy  cannot  be  explained  by  simple  models  with  CEF  effects. 


Among  the  striking  features  of  the  high-r^  superconduc¬ 
tor  YBa2Cu307  (YBCO)  are  the  insensitivity  of  the  super¬ 
conducting  properties  to  rare-earth  substitutions  for  Y  since 
many  of  the  rare-earth  elements  possess  magnetic  moments, 
normally  leading  to  conditions  deleterious  to  superconduc¬ 
tivity.  The  exceptions  to  this  behavior  are  Ce,  Pr,  and  Tb, 
where  Pr  fonris  a  nonsuperconducting  isostructural  com¬ 
pound  and  Ce  and  Tb  do  not  form  the  YBCO  structure  at  all. 
The  valence  instability  of  Ce  and  Tb  in  many  metallic  com¬ 
pounds  and  oxides  is  a  common  occurrence,  e.g.,  Ce02  and 
Tb407.  The  fact  that  CeBa2Cu307_,5  and  TbBa2Cu307_5  do 
not  form  has  been  attributed  to  Ce  and  Tb  entering  the  lattice 
as  a  tetravalent  or  mixed-valent  ion  and  thus  driving  the 
system  unstable.  However,  Pr,  of  which  Pr^On  is  the  stable 
oxide  and  strongly  suggestive  of  unstable  valence  behavior, 
does  form  the  PrBa2Cu307_5 phase.  PrBa2Cu307_5,  although 
being  crystallographically  identical  to  all  the  other  rare- 
earth-based  superconductors  of  the  series,  is  an  insulator,  and 
substitution  of  Pr  for  Y  in  Yj  _;5Pr^Ba2Cu307-^  suppresses 
with  superconductivity  disappearing  at  a:«=0.55. 

The  mechanism(s)  responsible  for  the  depression  of  Tc 
with  X  has  been  the  subject  of  considerable  interest  and  con¬ 
troversy.  Numerous  investigations  have  been  carried  out  with 
the  objective  of  developing  an  understanding  of  Pr  in  the 
/?Ba2Cu307_^  compounds.  Most  of  the  discussion  of  the 
depression  centers  on  the  Pr  valence  and/or  possible  mag¬ 
netic  pair  breaking  due  to  a  4/-electron  and  conduction-hole 
interaction  which  is  absent  in  the  other  rare-earth-doped 
YBa2Cu307_^  systems.  Results  of  these  investigations  tend 
to  conclude  that  Pr  is  slightly  mixed  valent  and  hybridizes 
with  the  charge  carriers  within  the  adjacent  CUO2  planes,  and 
thus  depresses  by  a  combination  of  dynamic  hole  filling 
and  pair  breaking.*"'*  Evidence  from  electron-energy-loss 
spectroscopy^  and  x-ray  absorption  spectroscopy  indicates 
that  the  valence  of  Pr  is  close  to  3-1- ,  which  is  consistent  with 
the  thermodynamic  studies  if  strong  hybridization  is  also  in¬ 
cluded. 


Based  on  our  recent  study  of  electrical  resistiv¬ 
ities  of  thin  films  of  Yi_^Pr;tBa2Cu307_5  and 
Ndi_jCe;fBa2Cu307_^,*‘*  p(T,x)  behavior  of  the  Ce-doped 
samples  closely  follows  the  behavior  seen  for  the  Pr-doped 
compounds,  strongly  suggesting  that  the  depression  of  is 
due  to  a  common  mechanism  and  that  hole  filling  or  4/- 
electron  nybridization  with  CuO  planes  rather  than  magnetic 
pair  breaking  may  be  the  dominant  mechanism  (see  Fig.  4). 

As  mentioned  above,  Tb,  like  Ce  and  Pr,  is  also  known 
to  show  mixed-valent  behavior  in  many  oxide  systems  and 
other  compounds  with  two  possible  magr.etic  ground  states 
(/= 6  for  Tb^'*  and  7  =  j  for  Tb**^).  As  a  natural  extension  of 
our  study  of  hole  filling  and  pair  breaking  in  these  systems, 
we  have  focused  our  attention  on  Tb-doped  YBa2Cu307_5 
single  crystals  and  thin  films.  Our  earlier  study  of  this  system 
has  already  revealed  some  interesting  and  unexpected  phe¬ 
nomena.  In  this  paper,  we  report  our  recent  results  of  trans¬ 
port  and  magnetic  measurements  with  an  emphasis  on  the 
unusual  behavior  observed  in  this  Tb-doped  system. 

The  p{T)  for  Yi-;fTb^Ba2Cu307_5  films  is  shown  in 
Fig.  1  for  x= 0.1,  0.25,  and  0.50.  The  substitution  of  the 
magnetic  Tb  for  Y  surprisingly  does  not  shift  (92.5  K) 
even  forx  as  high  as  0.50.  However,  p[T,x)  for  all  x  displays 
a  linear-r  behavior,  i.e.,  p{T)’=‘A+BT  for  T>Tc  although 
the  magnitude  of  the  normal-state  resistivity  increases  sys¬ 
tematically  with  Tb  concentration  x.  The  superconducting 
transition  for  all  x  is  very  sharp  with  the  temperature  width 
of  the  transition  being  less  than  1.2  K.  The  results  of  the 
resistivity  experiments  presented  here  are  somewhat  unex¬ 
pected  in  that  magnetic  susceptibility  results  for 
Yi_^Tb^Ba2Cu307_5  single  crystals  to  be  presented  next 
strongly  suggest  that  Tb  may  be  mixed  valent.  The  resistivity 
behavior  and  the  apparent  insensitivity  of  to  the  Tb  dop¬ 
ing  is  thus  perplexing. 

It  is  interesting  to  note  that  the  T-linear  slope  of  p{T,x) 
for  T>  Tc  increases  rapidly  with  increasing  x,  and  a  fit  of 
p{T,x)  to  A +BT  shows  that  the  Tb  doping  primarily  alters 
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FIG.  1.  The  resistivity  p(T)  vs  temperature  of  thin  films  of 
Yi.^Tb^Ba2Cu307_i for*=0.10, 0.25,  and  0.50.  Inset:  The  reduced  resis¬ 
tivity  p(T)/p{250  K)  vs  temperature. 

the  slope  and  much  more  weakly  impacts  on  the  f-tO  inter¬ 
cept.  This  can  be  seen  in  a  plot  of  a  reduced  resistivity  p(T)/ 
p(250  K)  versus  temperature  for  j:=0.10,  0.25,  and  0.50 
(see  inset  in  Fig.  1)  where  an  approximately  universal  curve 
is  seen,  reflecting  a  common  reduced  slope.  This  suggests 
that  the  scattering  mechanism  for  carrier  transport  in  the 
Cu02  planes  leading  to  the  linear-J  dependence  is  dependent 
on  Tb  doping,  and  this  coupled  with  the  independence  of  T,. 
on  Tb  doping  is  puzzling,  considering  many  of  the  models 
proposed  to  explain  the  linear-f  dependence  of  p{T)  are 
based  on  excitations  which  also  mediate  the  pairing. 

Shown  in  Fig.  2  is  magnetic  susceptibility  x{T)  (defined 
as  M/H)  versus  temperature  for  2  100  K  at 

Oe  for  a  single  crystal  with  x=0.3.  As  can  be  seen,  the  onset 


Temperature  (K) 


FIG.  2.  The  magnetic  susceptibility  x{T)  vs  temperature  for  an  oxygenated 
single  crystal  with  x««0.30  at  Hfc=2Q  Oe.  Inset:  Magnetization  M  vs  tem¬ 
perature  at  f/|(.=  100  Oe. 


FIG.  3.  The  magnetic  susceptibility  ;y(T)  vs  temperature  for  the  oxygenated 
single  crystal  of  Y,.^Tb^Ba2Cu307.^  with  x'»0.30  for  //||c  (triangle)  and 
HXc  (circle)  at  //= 2.0  T.  The  solid  lines  are  the  single-ion  CEF  theoretical 
predictions  assuming  a  Tb^*  in  the  system  for  the  two  directions  of  the  field. 

of  Tc  is  at  90.5  K  with  a  width  of  Tc  less  than  2  K,  implying 
a  full  or  nearly  full  oxygen  content  in  the  sample.  The  value 
of  Tf  is  in  good  agreement  with  the  results  of  electrical  re¬ 
sistivity  measurements  on  epitaxial  thin  films  presented 
above.  The  flux  expulsion  (Meissner  effect)  is  70%  (of 
l/4flr),  which  was  obtained  on  cooling  the  sample  through  Tc 
in  the  magnetic  field.  In  addition,  it  is  interesting  to  note  that 
there  is  a  sharp  up-tum  that  developed  at  1^15  K  in  ;^(r) 
which  becomes  more  evident  in  higher  fields  (see  the  inset  in 
Fig.  1,  where  a  plot  of  magnetization  M  versus  temperature 
at  H^c~  iOO  Oe  is  shown).  This  behavior  may  suggest  mag¬ 
netic  ordering  associated  with  Tb.  It  is  not  uncommon  for 
rare-earth  ions  to  be  ordered  at  low  temperatures,  for  in¬ 
stance,  K  for  NdBa2Cu307  and  Tf/==‘2.5  K  for 

GdBa2Cu307.  However,  ordering  at  such  a  relatively  high 
temperature  is  normally  not  expected  for  Tb  as  well  as  for 
the  majority  of  rare  earths.  Yet,  it  is  well  known  that  Pr 
anomalously  orders  at  K  in  PrBa2Cu307.  Other 

probes,  such  as  low-temperature  specific  heat,  can  certainly 
help  to  clarify  this  issue. 

Shown  in  Fig.  3  is  xd^)  and  XabiT)^  where  XciJ)  is  for 
//||c  and  XabiT)  for  Hlc,  for  the  single  crystal  with 
Ar»0.30  and  Tc=90.5  K.  As  can  been  seen,  x(T)  for  this 
sample  is  extremely  anisotropic  with  Xab(^)  nearly  T  inde¬ 
pendent  and  Xc(^)  displaying  a  strong  Curie-Weiss-like  re¬ 
sponse.  Xc(^)  can  be  fitted  to  a  modified  Curie- Weiss  law, 
i.e.,  ;i['(r)=A'o+C/(r-7’*),  with  Arco=3.7XlO"^  emu/ 
mol,  Pcffc  -  SAOpe,  and  T*  60  K  for  Hl|c.  The  value  of 
;t'co  obtained  for  H\c  is  unusually  large  in  contrast  to  those 
reported  for  YBa2Cu307_5.*  The  p^Sc  is  close  to  a  value 
expected  for  Tb'*'^.  This  value  is  also  consistent  with  that 
obtained  for  the  fully  oxygenated  polycrystalline  sample 
which  gives  8.25 pg-  Th®  measured  value  of  Pcn  is  closer  to 
the  Hund’s-rule  value  of  7.90pb  for  Tb'**  than  9.72/i.e  for 
Tb^*,  suggesting  a  nearly  tetravalent  Tb  in  this  compound. 
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FIG.  4.  The  superconducting  transition  temperature  with  dopant  concen¬ 
tration  X  for  Yi_;tTb,Ba2Cuj07.^  (triangle),  Yi-jPr,tBa2Cu307.^  (circles), 
and  Ndj.jCejBajCusOy.f  (squares)  (see  Ref.  6).  The  vertical  bars  indicate 
the  transition  width.  The  solid  line  is  the  smoothed  variation  of  vs  x  for 
polycrystalline  Y|.„Pr„Ba2Cu307.# 


An  analysis  of  x(T)  for  the  same  temperature  range  used  to 
determine  the  measured  and  using  crystal  electric  field 
(CEF)  parameters  extrapolated  from  measured  CEF  excita¬ 
tion  for  DyBa2Cu307_,s  and  HoBa2Cu307_^  gives 
/ie(f=9.1/XB  for  the  effective  paramagnetic  moment  for 
including  CEF  effects.  Thus,  at  this  time  CEF  effects 
seem  unable  to  account  for  the  discrepancy  between  the  mea¬ 
sured  paramagnetic  moment  and  that  expected  for  a  Tb^'*' 
ion. 

If  Tb  is  tetravalent,  or  at  least  mixed  valent  as  suggested 
by  the  effects  observed  in  this  Tb-doped  system  are 
quite  unusual  and  in  strong  contrast  to  the  case  of  the  Pr-  and 
Ce-doped  compounds.  For  the  Pr-  and  Ce-doped 
YBa2Cu307_*  the  4/  electrons  are  extremely  deleterious  to 
the  superconductivity  state  (see  Fig.  4).  The  insensitivity  of 
Tc  for  Y,_;tTb_tBa2Cu307_5  would  seem  to  suggest  that  Tb 
enters  the  YBa2Cu307_^  as  a  stable  3+  valent  ion  with  neg¬ 
ligible  exchange  coupling  between  the  4/  electrons  and 
charge  carriers  in  the  CUO2  planes.  If  Tb  is  trivalent,  then  the 
nonformation  of  an  orthorhombic  1:2:3  Tb  structure  similar 
to  that  formed  with  Y  and  most  of  the  other  rare  earths  is 
puzzling.  Also,  the  analysis  of  x{T)  data  both  for  the  oxy¬ 
genated  polycrystalline  and  the  single-crystal  samples  leads 
to  a  effective  paramagnetic  moment  suggestive  of  mixed- 
valent  behavior.  If  we  accept  the  premise  that  Tb  is  mixed 
valent  in  this  system,  then  why  is  insensitive  to  Tb  dop¬ 
ing?  At  the  present  stage  we  are  not  able  to  give  a  conclusive 
explanation  as  to  why  Tb  does  not  depress  T^,  but  issues 
related  to  how  the  4/  electrons  hybridize  with  other  states 
may  provide  an  answer  to  this  dilemma.  Intuitively,  the  ex¬ 
traordinarily  small  spatial  extent  of  the  4/  shell  of  Tb  (com¬ 
pared  to  those  of  Pr  and  Ce)  may  be  the  caujj,  resulting  in  a 
hybridization  significantly  different  from  that  in  the  other 
systems,  and  thus  unexpected  phenomena. 


Indeed,  this  point  becomes  more  interesting  by  consid¬ 
ering  CEF  models  of  Tb'*^  and  Tb^'*'  (see  Fig.  3).  As  can  be 
seen,  the  theoretical  analysis  of  xiT)  for  the  Tb‘*^-doped 
system  (solid  lines  in  Fig.  3)  using  CEF  parameters  extrapo¬ 
lated  from  measured  CEF  excitation  for  DyBa2Cu307_5  and 
HoBa2Cu307_5  fails  to  predict  a  behavior  similar  to  that  ob¬ 
served  in  the  Tb-doped  system,  and  the  same  analysis  of 
;^(r)  as.'uming  a  trivalent  Tb  in  the  system  (not  shown)  is 
also  inconsistent  with  the  experimental  observation.  CEF  ef¬ 
fects  alone,  evidently,  cannot  account  for  the  anomalously 
large  anisotropy  in  this  system,  strongly  suggesting  that  ad¬ 
ditional  effects  possibly  associated  with  the  details  of  the 
4/-electron  hybridization  absent  in  other  high-T,.  systems 
and  Pr-doped  YBCO  are  required  to  characterize  the  actual 
behavior  in  the  Tb-doped  system.  It  has  been  thought  that  in 
cuprate  superconductors  the  anisotropy  of  x(,T)  is  primarily 
caused  by  the  anisotropy  in  the  Van  Vleck  terms,  which  are  a 
reflection  of  the  anisotropy  induced  due  to  the  spatial  orien¬ 
tation  of  the  C!u  d  orbitals  and  driven  by  CEF  effects.®  If  Tb 
is  tetravalent,  the  hybridization  between  the  4/  electrons  and 
charge  carriers  within  the  planes  would  impact  heavily  on 
the  anisotropy  of  the  Van  Vleck  contributions. 

Relevantly,  the  other  major  phenomenon  also  shown  in 
Fig.  3  is  the  non-Curie- Weiss  behavior  for  T>Tc  when  an 
external  field  H  perpendicular  to  the  c  axis  is  applied.  As  can 
been  seen,  Xabi^)  unusually  linear  for  r>150  K,  and 
thus  significantly  different  from  the  Curie- Weiss  law.  For 
r<150  K,  in  addition,  a  well-defined  peak  or  a  plateau  is 
repeatedly  seen  at  low  fields.  In  contrast,  for  H\\c,  x(T)  re¬ 
tains  normal  Curie- Weiss  behavior.  This  behavior  is  appar¬ 
ently  unusual  in  that  in  other  high-Tc  materials  at  T>Tc  the 
Curie- Weiss  law  is  always  well  obeyed  irrespective  of  the 
direction  of  the  applied  field  H,  and  that  the  deviation  from 
the  Curie-Weiss  law  is  generally  an  indication  of  a  nonpara- 
magnetic  behavior.  It  cannot  be  ruled  out  that  the  unusual 
observation  found  in  xi^)  represent  the  presence  of 
spin  fluctuations  or  weak  magnetic  conelations  in  CuO 
planes  due  to  the  unusual  4/-electron  hybridization  with 
some  states.  Further  efforts  are  required  in  order  to  reach  a 
conclusive  explanation  as  to  why  the  magnetic  properties  of 
the  Tb-doped  superconductor  behave  so  unusually. 
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Magnetic  order  of  Pr  ions  in  reiated  perovskite-type  Pr123  compounds 

M.  Guillaume,  P.  Fischer,  B.  Roessli,  A.  Podlesnyak,  J.  Schefer,  and  A.  Furrer 
Laboratorium  fiir  Neutronenstreuung,  Eidegenossische  Technische  Hpchschule  Zurich  und  Paul  Scherrer 
Institut,  CH-5232  Villigen  PSI,  Switzerland 

The  magnetic  order  of  Pr  ions  in  polycrystalline,  tetragonal  PrBa2Cu306  2  has  been  studied  by 
neutron-diffraction  measurements.  Ilie  basic  ordering  consists  of  an  antiferromagnetic  arrangement 
with  the  propagation  vector  k=[l/2,  1/2, 1/2],  but  the  magnetic  ordering  is  imperfect  due  to  finite 
correlation  length  4=(10±1)  A  along  the  c  axis.  The  Neel  temperature  is  determined  to  be 
r;^=(12±l)  K,  and  the  magnetic  saturation  moment  of  the  Pr  ions  turns  out  to  be  (1.9±0.2)  fig.  The 
distance  Pr-0(2)  compared  in  several  related  perovskite-type  Pr  compounds  correlates  with  the  Neel 
temperature  in  accordance  with  the  superexchange  interaction. 


I.  INTRODUCTION 

Neutron-diffiaction  measurements'  on  the  nonsupercon¬ 
ducting  PrBa2CXi307  yield  an  exceptionally  high  Neel  tem¬ 
perature  Tjv  of  17  K  which  exceeds  the  Tjv  value  derived  for 
the  isostructural  compound  GdBa2Cu307  (Ref.  2)  by  an  order 
of  magnitude,  in  disagreement  with  the  de  Gennes  scaling 
law.  The  basic  ordering  of  PrBa2Cu307  (Ref.  1)  consists  of  a 
simple  antiferromagnetic  arrangement  with  the  propagation 
vector  k=[l/2,  1/2,  1/2]  and  magnetic  moment  orientation 
[0,0,1].  The  magnetic  moment  at  saturation  is  Q.lAfig  (Ref. 
1),  which  is  small  compared  to  the  free-ion  value  of 
gJ=3.2fiB. 

For  the  polycrystalline  compound  PrBa2Cu306  suscepti¬ 
bility  measurements  yield  r/(,(Pr)=10.8  K  (Ref.  2)  for  the 
ordering  of  the  Pr  sublattice,  whereas  recently  for  a  single 
crystal  of  PrBa2Cu30g  Uma  et  al}  observed  K.  From 
single-crystal  neutron-diffraction  studies  on  PrBa2Cu305,2,‘’ 
the  copper  ions  exhibit  long-range  magnetic  ordering  accord¬ 
ing  to  k=[l/2,l/2,l/2]  below  r;v(Cu)‘«370  K.  The  Cu  spins 
are  oriented  approximately  perpendicular  to  the  c  axis,  and 
the  temperature  dependence  of  the  1/2,  1/2,  3/2  magnetic 
peak  indicates  normal  saturation  below  ~100  K.  So  far  there 
is  no  information  concerning  the  magnetic  moment  and  the 
easy  axis  of  magnetization  of  the  Pr  ions. 

From  recently  published  neutron-diffraction  results*  of 
(/?=  rare  earth)  we  determined  by  extrapolation 
for  the  interionic  distances  Cu(2)-Cu(2),  Cu(2)-0(3),  Pr-0(2) 
an  intermediate  valence  for  Pr  in  the  PrBa2Oa307  sample  of 
-t-3.4,  whereas  for  PrBa2Cu306  we  obtained  a  valence  of 
+3.0.  We  assume  that  this  extrapolated  valence  is  a  struc¬ 
tural  effect  associated  with  strong  hybridization  of  Pr  with 
the  oxygen  ligand  atoms  in  the  CUO2  planes.  On  the  other 
hand,  neutron  spectroscopy*  and  electron-energy-loss  spec¬ 
troscopy  (EELS)^  measurements  show  clear  evidence  for  an 
effective  valence  of  +3.  How  do  these  structural  changes  in 
the  Pr  compound  from  oxygen  7  to  the  oxygen  6  influence 
the  magnetic  ordering?  With  these  motivations  we  report  in 
the  present  paper  on  long-range  antiferromagnetic  order  of  Pr 
ions  in  PrBa2Cu306  by  neutron  diffraction  and  present  an 
interpretation  of  the  results  based  on  the  present  knowledge 
of  the  crystalline  electric  field  in  this  system.  We  observed  a 
conelation  in  several  related  perovskite-type  Pr  compounds 
between  the  distance  Pr-0(2)  and  the  Neel  temperature. 
Magnetic  neutron-diffraction  studies  on  a  tetragonal 


PrSrBaCu307  sample  yielded  similar  results  as  obtained  for 
the  PrBa2Cu307  compound. 

II.  EXPERIMENTAL  RESULTS 

Sample  preparation  and  experimental  details  have  been 
described  elsewhere.®  For  PrBa2Cu3052  we  performed 
neutron-diffraction  measurements  at  r=18  K  and  1=1.5  K, 
i.e.,  well  above  and  well  below  the  Neel  temperature.  In  the 
difference  pattern  of  the  two  temperatures  shown  in  Fig.  1 
we  clearly  observe  a  magnetic  peak  at  20=18.3°  which  may 
be  indexed  in  the  magnetic  unit  cell  as  (1,1,1)  with  the 


PrB>,Cu,0,, 


29  (DEGREES) 


FIG.  1.  Upper  part:  Neutron-diffraction  pattern  of  PrBa2Cu306.2  measured  at 
18  K.  Lower  part;  Magnetic  difference  neutron-diffraction  pattern  (1.5 
K-18  K)  for  PrBa2Cu3062  (indices  h,  k,  I  referring  to  the  magnetic  unit 
cell).  The  observed  intensities  are  compared  with  a  calculation  for  both 
imperfect  and  perfect  3D  ordering. 
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FIG.  2.  Temperature  dependence  of  the  magnetic  neutron  intensity  of  the 
(1/2, 1/2, 1/2)  peak  observed  for  PrBa2Cu304,2  yielding,  Tn={12±l)  K.  The 
line  is  the  result  of  a  mean-held  crystal-held  calculation. 


propagation  vector  k=[l/2, 1/2, 1/2]  as  in  nonsuperconduct¬ 
ing  PrBa2Cu307.  The  neighboring  negative  and  positive  dif¬ 
ferences  in  the  intensities  which  appear  at  the  nuclear  Bragg 
position  are  due  to  the  change  of  the  lattice  parameters  when 
changing  the  temperature  from  r=  18  K  to  1=1.5  K.  Since 
all  three  Miller  indices  are  half-integer,  the  magnetic  unit  cell 
is  doubled  along  all  basic  translations  compared  to  the 
chemical  unit  cell,  corresponding  to  antiferromagnetic  cou¬ 
pling  along  all  three  crystallographic  directions.  Pronounced 
line  broadening  of  the  magnetic  peaks  was  observed.  The 
widths  at  half  maximum  of  the  magnetic  lines  depend  on  the 
reflection  index  {h,  k,  1)  and  the  scattering  angle  20.  We 
emphasize  that  these  linewidth  anomalies  only  afreet  the 
magnetic  peaks. 

The  measurement  of  the  temperature  dependence  of  the 
dominant  (l/2,l/2,l/2)  peak  (indices  h,  k,  I  refening  to 
nuclear  unit  cell)  yields  a  Neel  temperature  ^^^=(^±1)  K, 
see  Fig.  2. 


III.  DATA  ANALYSIS 

The  unusual  line  shapes  observed  in  the  magnetic  neu¬ 
tron  diffraction  pattern  of  PrBa2Cu30j2  can  be  shown  to 
result  from  finite  magnetic  conelations  along  the  c  axis, 
equivalent  to  the  occunence  of  magnetic  intensity  for  a  par¬ 
ticular  reflection  {h,  k,  /)  turns  out  to  be  a  Lorentzian; 

hM-FiQf  SiqJSiq,), 

F(Q)= neutron  magnetic  form  factor,  Q= scattering  vector. 

Figure  1  shows  the  result  of  the  least-squares  refinement 
of  the  magnetic  difference  intensities  based  on  Eq.  (1)  and 
the  magnetic  form  factor^  of  Pr^'*'  which  excellently  repro¬ 
duces  the  observed  data.  From  our  difrraction  results  we  can¬ 
not  decide  whether  the  Pr^^  magnetic  moments  are  directed 
parallel  or  perpendicular  to  the  c  axis  (both  fits  yield  ap¬ 


proximately  the  same  goodness  of  fit  and  the  (average) 
correlation  length  along  the  c  axis  is  ^<.=2/r=(10±l)  A. 

The  nuclear  and  magnetic  intensities  at  1.5  K  yield  the 
best  fit  for  the  magnetic  moment  of  Pr:/tp,=(1.9±0.2)/tg. 

A  similar  calculation  for  perfect  three-dimensional  (3D) 
long-range  magnetic  order  yields  a  saturated  moment  of 
about  0.8/u^;  however,  the  calculated  intensities  clearly  do 
not  correspond  to  the  measurement  as  can  be  seen  from 
Fig.  1. 

IV.  DISCUSSION 

By  means  of  neutron-diffraction  investigations  we  have 
established  for  PrBa2Cu306,2  imperfect  three-dimensional 
“long-range”  magnetic  ordering  due  to  finite  c  correlation 
length  of  10  A,  with  a  magnetic  moment  of  saturation  at 
1.9fiB  of  Pr^^. 

Compared  to  PrBa2Cu307  the  rather  unusual  and  unex¬ 
pected  increase  of  the  magnetic  moment  in  PrBa2Cu306  2  can 
be  explained  by  the  drastic  change  of  the  low-lying  crystal- 
field  levels  when  going  from  the  O7  to  the  Og  compound. 
The  corresponding  crystal-field  parameters  have  been 
worked  out  by  Nekvasil  et  al.^  from  neutron  spectroscopic 
experiments.  A  mean-field  calculation  based  on  their  crystal- 
field  parameters  yields  saturated  magnetic  moments  of 
l.l^tta  and  2.1/iB  for  the  O7  and  Os  compounds,  respectively, 
which  reasonably  compare  to  the  moment  values  determined 
by  neutron  difrraction.  The  crystal-field  interaction  for  the 
tetragonal  Og  compound  [with  vanishing  “orthorhombic” 
crystal-field  parameters  B\  and  B\,  Ref.  (6)]  produces  an 
extremely  anisotropic  single-ion  susceptibility,  yielding  the  c 
axis  as  the  easy  axis  of  magnetization.  The  calculated  tem¬ 
perature  dependence  of  the  magnetic  Bragg  intensities 
(which  are  linearly  related  to  the  square  of  the  ordered  mo¬ 
ment)  is  also  in  excellent  agreement  with  the  experimental 
findings,  see  Fig.  2. 

Jostamdt  et  a/.’®  showed  that  the  magnon  peak  position 
of  PrBa2Cu306  (splitting  of  Fs  doublet  ground  state  due  to 
the  anitferromagnetic  ordering  of  Pr  ions)  as  a  function  of 
temperature  decreases  drastically  to  0  at  around  r=12  K. 
This  extrapolation  yields  a  Neel  temperature  of  (12±2)  K 
which  is  in  good  agreement  with  our  neutron-diffraction  re¬ 
sult  with  of  12  K. 

The  exceptionally  high  Neel  temperatures  of  the 
PrBa2Cu30^  compounds  is  still  a  matter  of  debate.  It  may  be 
related  to  strong  hybridization  of  the  4/  electrons  with  the  p 
orbitals  of  the  ligand  oxygen  ions  in  the  CUO2  planes  which 
enhances  the  superexchange  interaction  between  the  Pr  ions. 
Hybridization  is  presumably  also  the  reason  for  the  unusu¬ 
ally  large  line  widths  of  the  crystal-field  transitions.*®’** 

The  surprising  imperfect  magnetic  ordering  in 
PrBa2Cu3062  is  to  some  extent  similar  to  the  magnetic  Dy 
ordering  discovered  recently  in  a  single  crystal  of 
DyBa2Cu306  which  shows  below  ~1.5  K  “short-range” 
magnetic  order  along  the  c  axis  and  even  at  70  mK  a  finite 
c-conelation  length  of  about  13  A  together  with  2D  long- 
range  antiferromagnetic  ordering  below  0.55  K.*^  The  same 
behavior  was  recently  observed  (but  not  quantitatively  ana¬ 
lyzed)  in  PrBa2Cu3NbOg,*^  which  shows  a  Neel  temperature 
of  12.6  K  similar  to  PrBa2Cu306  2-  The  imperfect  antiferro- 
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FIG.  3.  Temperature  dependence  of  the  magnetic  neutron  intensity  of  the 
(1/2, 1/2, 1/2)  peak  observed  for  PrSrBaCujO;,  yielding  r;,=(17±l)  K. 


magnetic  ordering  has  a  correlation  length  of  about  7  A 
along  the  c  axis.  Also  polycrystalline  HoBa2Cu307  (Ref.  14) 
exhibits  an  imperfect  three-dimensional  magnetic  ordering, 
existing  below  Tn=  190  mK  due  to  a  finite  correlation  length 
^c=29  k  along  the  c  axis. 

The  observed  anomalies  of  perovskite-type  Pr  com¬ 
pounds  are  not  unique.  Similar  results  were  also  observed  for 
Pr02  (Ref.  15)  which  shows  a  Neel  temperature  of  14  K.  An 
even  higher  Neel  temperature  7/^=2!  K  was  reported  for 
PrCu2Si2.'*.  The  Pr  compounds  (Pr02,  PrCu2Si2, 
PrBa2Cu30;t)  showed  a  large  value  of  the  linear  electronic 
specific  heat  capacity  coefficient**-*’  which  indicates  a 
heavy-fermion-like  behavior.  Anomalous  is  furthermore  the 
absence  of  the  spin-Kondo  effect  in  PrCu2Si2  in  contrast  to 
other  /?Cu2Si2  (R=rare  earth)  compounds  which  clearly 
show  the  spin-Kondo  effect.** 

We  have  also  started  neutron-diffraction  investigations 
on  a  PrSrBaCu307  compound  which  has  a  tetragonal  sym¬ 
metry.  Despite  the  disorder  produced  by  Sr  entering  the  Ba 
sites,  we  still  observe  a  7^  of  17  K,  as  shown  in  Fig.  3  ,  i.e., 
as  high  as  for  the  PrBa2Cu307  compound.  From  the  magnetic 
difference  neutron-diffraction  pattern  intensities  for  7=20  K 
subtracted  from  those  at  7=1.5  K 've  clearly  observed  a 
magnetic  peak  at  (1/2, 1/2,  1/2)  whirh  does  not  show  asym¬ 
metric  line  broadening.  In  PrSrBaOi307  the  antifenomag- 
netic  ordering  is  therefore  of  longer  range  than  in 
PrBa2Cu30g2.  On  the  other  hand,  the  low-energy  spectrum 
of  the  crystalline  electric  field  of  PrSrBaCu307  looks  similar 
to  the  PrBa2Cu307  compound.  We  have  calculated  the  tem¬ 
perature  dependence  of  the  magnetic  moment  using  the 
crystal-field  parameters  worked  out  by  Nekvasil  era/.**  for 
the  PrBa2Cu307  compound.  Our  result  is  in  good  agreement 
with  the  experimental  findings,  see  Fig.  3.  Thus  the  substitu¬ 
tion  of  Ba*^  by  Sr’^  which  leads  to  disorder  does  not  change 
the  magnetic  ordering  of  the  Pr  ions  in  PrSrBaCu307. 


TABLE  I.  The  distance  Pr-0(2)  A  at  r=10  K  for  several  Pr  compounds, 
related  with  the  Neel  temperature. 


Pr-0(2)  (A) 

rv(K) 

PrBa2Cu307  (Ref.  1) 

2.449(5) 

17.0+1 

PrSrBaCu307 

2.439(5) 

17.0±1 

PrBa2Cu3062 

2.480(4) 

12.0±1 

PrBa2Cu2NbOg  (Ref.  10) 

2.487(6) 

12.6+1 

A  comparison  of  the  Neel  temperatures  of  several  related 
Pr  perovskite-type  compounds,  see  Table  I,  indicates  a  sys¬ 
tematic  correlation  with  the  variation  of  the  distance  Pr-0(2). 
The  higher  the  7jy  values  are  the  smaller  Pr-0(2)  distances 
have  been  determined  by  neutron  diffi-action  (at  7=10  K)  as 
expected  from  the  superexchange  interaction. 
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Inelastic  neutron  scattering  has  been  employed  to  study  the  magnetic  excitations  of  Ho^'*'  in  a 
grain-aligned  sample  of  HoBa2Cu307.  The  lowest  lying  branch  exhibits  dispersion  for  spin  waves 
propagating  in  the  (a,b)  plane,  whereas  excitations  along  the  c  axis  remain  constant  in  energy.  The 
data  are  analyzed  in  the  random  phase  approximation  in  terms  of  the  Heisenberg  and  an  anisotropic 
model,  resulting  in  an  enormous  spatial  anisotropy  of  the  magnetic  coupling  parameters,  which  are 
weakly  ferromagnetic,  antifenomagnetic,  and  almost  zero  for  nearest-neighbor  Ho^^  pairs  along  the 
a,  b,  and  c  axes,  respectively.  In  addition,  we  have  been  able  to  separate  the  spin  wave  excitations 
in  longitudinal  and  transverse  parts. 


It  is  now  well  known  that  for  nearly  all  high-T^  com¬ 
pounds  RBa2Cu307_5  (R  denotes  rare  earth)  superconductiv¬ 
ity  and  magnetic  ordering  of  the  R  ion  sublattice  coexist  at 
low  temperatures.  In  order’ to  understand  the  interplay  of 
magnetism  and  superconductivity  in  these  systems,  informa¬ 
tion  on  both  the  electronic  ground  state  of  the  R^'*'  ions  and 
the  coupling  mechanism  between  the  R^^  ions  is  highly  de¬ 
sirable.  While  the  ground-state  wave  functions  in  these  sys¬ 
tems  are  well  established  particularly  through  neutron  spec¬ 
troscopic  investigations  of  the  crystalline-electric-field  (CEF) 
interaction,'  there  is  a  lack  of  unambiguous  information  con¬ 
cerning  the  nature  and  size  of  the  magnetic  pair  interactions. 
It  is  usually  argued  that  the  large  separation  of  the  R^**^  ions 
along  the  c  axis  gives  rise  to  an  essentially  two-dimensional 
character  of  the  magnetic  conelations.  In  fact,  there  are  nu¬ 
merous  examples  for  the  two-dimensional  magnetic  behavior 
of  the  R^^  ions  in  the  RBa2Cu307_i  systems,*'  however,  for 
some  compounds  a  three-dimensional  long-range  magnetic 
order  was  clearly  observed  in  neutron  diffraction 
experiments.^’^ 

Several  mechanisms  could  be  involved  in  the  coupling 
of  the  R^^  ions  to  form  two-  or  three-dimensional  spin  struc¬ 
tures:  Dipolar,  Ruderman-Kittel-Kasuya-Yosida  (RKKY), 
and  superexchange  interactions.  Calculations  based  on  dipo¬ 
lar  interactions  alone  result  in  Neel  temperatures  which  are 
much  lower  than  the  observed  ordering  temperatures,  and 
there  are  controversies  as  to  the  importance  of  either  RKKY 
or  superexchange  interactions.  Some  qualitative  information 
on  the  coupling  of  the  R^'*'  ions  has  been  obtained  from 
magnetization  and  low-temperature  specific-heat  measure¬ 
ments  which  indicate  large  anisotropies  of  the  exchange  in¬ 
teraction  in  the  (a,h)  plane.**  A  more  detailed  insight  into  the 
coupling  mechanism  results  from  studying  the  spin  dynamics 
through  the  measurement  of  the  collective  magnetic  excita¬ 
tions  or  spin  waves  which  inherently  contain  information  on 
the  nature  and  size  of  the  magnetic  coupling  between  the  R^"* 
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ions.  Inelastic  neutron  scattering  (INS)  provides  the  most 
direct  access  to  this  property  and  thereby  allows  a  very  direct 
determination  of  exchange  parameters. 

Preliminary  INS  data  of  the  low-lying  magnetic  excita¬ 
tions  observed  in  a  grain-aligned  sample  of  HoBa2Cu307 
have  been  published  in  Ref.  5.  Here  we  present  new  experi¬ 
mental  data  taken  under  improved  energy  resolution.  We 
have  chosen  HoBa2Cu30^  for  two  specific  reasons.  First,  a 
recent  low-temperature  neutron  diffraction  study®  of 
HoBa2Cu307  indicates  the  existence  of  three-dimensional 
magnetic  correlations  associated  with  the  Ho^^  sublattice  be¬ 
low  7/^=0. 19  K  as  well  as  a  three-dimensional  or  mean- 
field  type  behavior  of  the  zero-field  magnetization  with  a 
critical  exponent  )8=0.4±0.1,  so  that  we  may  expect  the 
magnetic  excitations  to  exhibit  dispersion  effects.  Second, 
and  most  importantly,  the  CEF  level  scheme  of  HoBa2Cu307 
is  characterized  by  a  series  of  low-lying  states'  which  can  be 
sufficiently  resolved  within  the  small  range  of  energy  disper¬ 
sion  anticipated  for  these  systems.  In  particular,  we  have 
studied  in  great  detail  ti. lowest  ground-state  CEF  excitation 
r3->r4  with  energy  A'^O.S  meV,  which  has  by  far  the  largest 
dipole  transition  matrix  element  and  therefore  exhibits  the 
largest  dispersion  effects. 

The  preparation  and  characterization  of  the  HoBa2Cu307 
sample  is  published  elsewhere.®  The  INS  experiments  were 
performed  at  the  reactor  Berll  at  the  Berlin  Neutron  Scatter¬ 
ing  Center  with  use  of  the  triple-axis  spectrometer  FLEX 
operating  in  the  neutron  energy-loss  configuration.  The  en¬ 
ergy  of  the  outgoing  neutrons  was  kept  fixed  at  3.5  meV. 
No  collimation  was  used,  giving  rise  to  an  energy  resolution 
of  0.09  meV  at  A£'  =  0.  A  berylliiim  filter  was  inserted  be¬ 
tween  monochromater  and  sample  to  eliminate  higher  order 
contamination.  The  samples  were  oriented  with  the  [001] 
axis  in  the  scattering  plane  and  mounted  in  an  “orange  ILL- 
type”  helium  cryostat  to  achieve  temperatures  T^l.5  K. 
Constant  Q  scans  were  employed  throughout  the  experi¬ 
ments,  where  Q=2'7T(xla,ylb,zlc)  is  the  scattering  vector. 
Due  to  the  random  orientation  of  the  sample  in  the  {a,b) 
plane,  however,  we  could  not  distinguish  between  the  com- 
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FIG.  1.  Normalized  and  form  factor  corrected  energy  spectra  of  neutrons 
scattered  from  grain-aligned  HoBa2CU}07,  taken  at  r=  l.S  K  and  constant 
anaiyzer  energy  £.*=3.5  meV,  for  propagation  vectors  aiong  the  [jc',0] 
direction.  The  lines  correspond  to  the  caicuiated  (x,y)-averaged  excitation 
spectra  as  expiained  in  the  text. 


ponents  of  the  scattering  vector  Q  perpendicular  to  the  z  axis, 
i.e.,  the  actual  scattering  vector  was  Q=2'rr(x'/a,z/c)  with 
x'  =  \Jx^+y^  (assuming  a=b). 

We  covered  a  large  region  of  reciprocal  space  in  the 
(x',2)-plane.  For  all  Q  the  ground-state  CEF  excitation 
r3-+r4  shows  up  as  a  well  resolved  inelastic  line  as  exem¬ 
plified  in  Figs.  1,  2,  and  3.  Its  peak  shape  is  broad  and  often 
asymmetric  for  Q  perpendicular  to  the  z  axis  (Fig.  1), 
whereas  for  Q  involving  a  zero  x'  component  narrow  lines 
are  observed  (Fig.  2).  The  energy  of  maximum  peak  intensity 
of  this  excitation  varies  typically  between  0.4  and  0.6  meV 


energy  transfer  [meV] 


FIG.  2.  Normalized  and  form  factor  corrected  energy  spectra  of  neutrons 
scattered  from  grain-aligned  HoBa2Cu307,  taken  at  T=  l.S  K  and  constant 
analyzer  energy  £^  =  3.5  meV,  for  propagation  vectors  along  the  [0,z]  di¬ 
rection.  The  lines  are  the  result  of  the  anisotropic  line  shape  fits  to  the 
dispersion-free  CEF  excitations. 


FIG.  3.  Normalized  and  form  factor  corrected  energy  spectra  of  neutrons 
scattered  from  grain-aligned  HoBa2Cu307,  taken  at  T=  1.5  K  and  constant 
analyzer  energy  E^=3.5  meV,  for  propagation  vectors  along  the  [0.5,2] 
direction.  The  dotted  lines  corresponds  to  the  transverse  branch  of  the  exci¬ 
tation,  the  broken  lines  corresponds  to  the  longitudinal  branch  of  the  exci¬ 
tation  and  the  full  lines  are  the  result  of  the  total  (x,y)-averaged  calculation 
as  explained  in  the  text. 


when  following  Q  along  the  x'  axis,  whereas  it  remains 
more  or  less  constant  upon  variation  of  Q  along  the  z  axis. 

In  the  random  phase  approximation  the  magnetic  excita¬ 
tion  energies  are  determined  by  the  poles  of  the  dynamic 
magnetic  susceptibility,^ 

Af(Q.‘")=Aro(")[i--/(Q)Aro(‘«>)]'‘.  (i) 


where  7(Q)  is  the  Fourier  transform  of  the  exchange  cou¬ 
pling  and  ;^o(‘<^)  the  single-ion  susceptibility.  For  x=7,  the 
calculation  becomes  particularly  simple  for  an  effective  two- 
level  system: 


h(o{Q)  = 


A-2A/^7(Q)tanh 


ZkgT 


1/2 


(2) 


Here,  A  corresponds  to  the  energy  separation  between  the 
CEF  ground  state  r3  and  the  first-excited  CEF  state  r4,  and 
A/^=27  is  the  dipole  transition  matrix  element  between  the 
two  CEF  states.*  For  the  calculation  of  7(Q)  we  took  into 
account  Heisenberg-type  exchange  parameters  Jg,  Jt<,  and 
Jc,  coupling  the  central  Ho^^  ion  pairwise  with  the  Ho^'*' 
ions  at  the  nearest-neighbor  positions  ±a,  ±b,  and  ±c 
along  the  x,  y,  and  z  directions,  respectively.  Our  choice  of 
Heisenberg-type  exchange  is  fully  supported  by  the  above 
mentioned  behavior  of  the  zero-held  magnetization  observed 
by  neutron  diffraction.^  From  the  absence  of  dispersion  along 
the  z  axis  (Fig.  2)  we  immediately  conclude  that  7^=0 ±0.2 
fxeV,  as  actually  expected  from  the  large  separation  of  the 
Ho^'*'  ions  aiong  that  axis.  The  experimental  uncertainty  as¬ 
sociated  with  Jg  results  from  the  standard  deviation  of  the 
peak  positions  of  Fig.  2  inserted  into  Eq.  (2).  Information  on 
Jg  and  Jfc  is  more  difficult  to  obtain  because  of  the  random 
orientation  of  the  x  and  y  axes  in  our  sample,  thus  the  mag- 
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netic  excitation  spectra  cannot  be  analyzed  directly  accord¬ 
ing  to  Eq.  (2),  but  we  have  to  average  Eq.  (2)  in  the  {x,y) 
plane,  what  is  explained  in  detail  in  Ref.  S.  In  addition,  it  is 
obvious  that  we  have  an  asymmetric  lane  shape,  as  also  was 
seen  in  the  earlier  works.*’*  This  asymmetry  is  explained  due 
to  Cu  spin  fluctuations  at  the  Ho  site.*  However,  we  have  to 
include  this  lane  shape  in  our  data  analysis.  The  energy  spec¬ 
tra  of  Fig.  1  were  least-squares  fitted  to  the  model  outlined 
above.  The  only  fitting  parameters  were  an  overall  scaling 
factor  for  the  intensity,  a  constant  background  level,  a  half¬ 
width  parameter  for  the  Gaussian  type  of  the  intrinsic  broad¬ 
ening  of  the  CEF  line,  an  anisotropic  line  shape  factor  and 
the  two  model  parameters  and  Jj, .  A  was  kept  fixed  at  the 
pure  CEF  energy  (A=0.49  meV)  determined  in  a 
Yo.9Hoo.iBa2Cu307  sample.*  We  obtained  for  7^=0.510.1 
/neV  and  for  7^=- 1.610.2  /teV.  Due  to  the  random  ori¬ 
entation  of  the  X  and  y  axes  another  solution  is  possible  by 
interchanging  the  parameters  7^  and  76 .  However,  the  analy¬ 
sis  of  a  recent  low-temperature  neutron  di^action  study*  of 
the  magnetic  ordering  in  HoBa2Cu307  is  consistent  with  our 
choice  of  ferromagnetic  and  antiferromagnetic  coupling 
along  the  a  and  b  axes,  respectively.  We  derive  from  our  data 
the  molecular-field  parameter  7(Qo)=2(7a -76 -7<.)  to  be 
•^(Qo)=4.210.6  yueV,  which  is  in  good  agreement  with  the 
mean-field  value  7(Qo)=5.210.5  /<eV  calculated  from  the 
zero  field  magnetization.* 

Our  model  parameters  can  reproduce  the  Q  dependence 
of  the  observed  energy  spectra  reasonably  well  (see  Fig.  1). 
Improvements  of  the  data  analysis  are  possible  by  going  be¬ 
yond  the  simple  Heisenberg  model.  For  example,  the  ex¬ 
change  interaction  can  be  generalized  to  include  anisotropies 
in  the  coupling  of  the  spin  operators  S“(a=x,y,z).  As  a 
result  the  response  function  is  split  into  transverse  and  lon¬ 
gitudinal  components  which  can  be  separated  in  INS  experi¬ 
ments  through  the  polarization  factor  in  the  neutron  cross- 
section  or  by  use  of  polarized  neutrons,  however,  our  present 
data  would  clearly  be  over  interpreted  by  the  application  of  a 
full  anisotropic  model.  Nevertheless,  with  the  good  energy 
resolution  and  many  spectra  taken  with  different  Q  in  recip¬ 
rocal  space  we  can  improve  our  Heisenberg  model.  As 
shown  in  Fig.  3,  the  spectra  for  constant  x'  values  (x'#0) 
and  different  z  values  should  look  like  exactly  the  same  for 
the  Heisenberg  model  (7j.'»0),  what  is  obviously  not  correct. 

A  step  between  the  full  anisotropic  model  and  the 
Heisenberg  model  is  to  express  the  spin  operators  S  in  S* 
and  S^,  which  results  in  a  transverse  and  longitudinal  com¬ 
ponent,  respectively.  Therefore  the  number  of  model  param¬ 
eters  is  increased  from  two  to  five  (7^,  7®,  J^,  7|,  and 

,  A/'  =  =  27).  On  the  other  hand,  we  are  now 

able  to  fit  all  21  measured  energy  spectra  simultaneously 
(Fig.  1),  as  compared  two  the  Heisenberg  model,  were  we 
can  only  fit  spectra  with  Q=(x',0).  We  obtain  the  following 
results: 


7“=0.0±0.4  yueV,  A/ll^=7.8±0.6, 

7;J-  =  -6.9±0.7  fieW,  A7-‘-^=19.2±0.4, 
7|=3.3±0.8  yueV, 

7t  =  -2.6±0.3  yiteV. 

Again  we  find  a  good  agreement  between  the  exchange  pa¬ 
rameter  determined  from  the  dimer  excitation,*  where  they 
can  extract  only  the  transverse  exchange  parameters 
(7i  =  -7i  =  2.6±0.3  yueV). 

We  have  been  able  to  prove  directly  the  essentially  two- 
dimensional  nature  of  the  magnetic  coupling  between  the 
Ho*'*'  ions  in  HoBa2Cu307.  The  coupling  of  the  Ho  spins  for 
x=l  turns  out  to  be  extremely  anisotropic  in  the  (a,b) 
plane,  i.e.,  there  is  a  strong  antiferromagnetic  coupling  along 
the  b  axis  and  a  smaller  ferromagnetic  coupling  along  the  a 
axis.  This  is  in  close  analogy  to  the  results  obtained  by  fitting 
the  specific-heat  anomaly  due  to  magnetic  ordering  of  other 
RBa2Cu307  compounds.'*  However,  our  results  are  consider¬ 
ably  more  detailed  with  respect  to  the  size  and  the  nature  of 
the  exchange  interaction  in  the  {a,b)  plane.  In  addition,  we 
have  been  able  to  separate  the  spin  wave  excitations  in  lon¬ 
gitudinal  and  transverse  parts.  We  get  for  the  transverse  com¬ 
ponent  a  ferromagnetic  and  a  antiferromagnetic  coupling  in 
the  a  and  b  direction,  respectively,  whereas  we  get  for  the 
longitudinal  component  no  and  a  strong  antiferromagnetic 
coupling  in  the  a  and  b  direction,  respectively.  The  strong 
magnetic  anisotropy  in  the  (a,b)  plane  can  be  reproduced 
neither  by  dipolar  nor  by  RKKY  interactions,  thus  the  cou¬ 
pling  of  the  Ho*'*'  ions  is  presumably  dominated  by  nearest- 
neighbor  superexchange  interactions  mediated  by  the  0(2) 
and  0(3)  ions  as  oxygen  bridges,  which— at  the  same  time— 
also  take  part  in  the  superconducting  processes.  The  charge 
distribution  at  the  plane  oxygen  sites  is  therefore  one  of  the 
most  crucial  quantities  towards  a  detailed  understanding  of 
the  relevant  physical  properties  of  the  RBa2Cu307  com¬ 
pounds. 
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Combined  electronic-nuclear  magnetic  ordering  of  the  Ho^^  ions 
and  magnetic  stacking  faults  in  HoBa2Cu30x  (x =7.0, 6.8, 6.3) 

B.  Roessli,  P.  Fischer,  U.  Staub,  M.  Zoliiker,  and  A.  Furrer 

LaboratorUm  fiir  Neutronenstreumg,  Eidgenossische  Technische  Hochschule  Zurich  and  Paul  Scherrer 
Institut,  CH-5232  Villigen  PSI,  Switzerland 

Magnetic  ordering  of  HoBa2Cu30^  (x =7.0, 6.8, 6.3)  was  investigated  by  means  of  neutron 
diffraction.  Long-range  antiferromagnetism  is  found  forx=7.0  below  mK  and  for  jr=6.8 

below  r^T =100  mK  conesponding  to  propagation  vector  K= [0,1/2, 1/2]  with  magnetic  moment 
directions  parallel  to  the  a  axis.  The  observed  temperature  dependence  of  the  magnetic  order 
parameter  is  in  excellent  agreement  with  mean-field  calculations  taking  into  account  crystal  field, 
exchange,  and  hyperfine  interactions.  No  magnetic  superlattice  reflections  were  detected  for  x= 6.3. 
A  highly  unusual  ordering  behavior  is  observed  in  HoBa2Cu30^  (x= 7.0, 6.8)  where  the 
three-dimensional  magnetic  ordering  is  imperfect,  due  to  finite  correlation  length  ^^=29  and  129  A, 
respectively,  along  the  c  axis. 


I.  INTRODUCTION 

Long-range  antifenomagnetic  rare-earth  ordering  has 
been  determined  in  RBa2Cu307  by  means  of  neutron  diffrac¬ 
tion  for  /?=Pr,  Nd,  Gd,  Dy,  Er,  and  Yb.*  However,  the  mag¬ 
netic  ordering  of  the  HoBa2Cu30^  system  with  singlet- 
ciystal-field  ground  state^  and  presumably  combined  nuclear 
(‘“Ho)-electronic  ordering  below  r^,«*170  mK  (Ref.  3) 
could  not  be  solved  unambiguously."*’^  First  neutron- 
diffraction  experiments"*  on  HoBa2Cu30j  g  revealed  a  single 
magnetic  peak  at  temperatures  below  r,/=140  mK  in  agree¬ 
ment  with  heat-capacity  measurements;^  however,  the  de¬ 
tailed  nature  of  the  antifenomagnetic  correlations  could  not 
be  established.  On  the  other  hand,  ftSR  measurements  on 
HoBa2Cu307  (Ref.  5)  claimed  the  existence  of  3D  antiferro¬ 
magnetic  order  below  K,  corresponding  to  K=[l/2,1/ 
2,1/2]  and  alignment  of  the  magnetic  moments  of  Ho  along 
the  a  axis.  Below  100  mK  the  /liSR  data  indicated  K=[0,1/ 
2,1/2],  easy  axis  of  magnetization  [0,0,1],  and  an  ordered  Ho 
moment  of  ~2.6  fig.  Therefore  new  systematic  neutron- 
diffraction  measurements  were  performed  on  HoBa2Cu30, 
(x=7.0, 6.8,  and  6.3).  First  results  for  x =7.0  have  been  pub¬ 
lished  in  Ref.  6. 

II.  EXPERIMENTAL 

The  HoBa2Cu30,  (x=7.0,6.8,6.3)  samples  were  pre¬ 
pared  by  standard  sintering  techniques.  From  resistivity  mea¬ 
surements  the  critical  temperatures  were  found  to  be  1^=93, 
53,  and  0  K  for  x= 7.0,  6.8,  and  6.3,  respectively.  The  same 
samples  have  previously  been  used  to  determine  the  crystal- 
field  interaction  by  means  of  inelastic  neutron  scattering.^ 
The  present  experiments  were  performed  on  the  muiticounter 
diffractometer  DMC*  at  the  reactor  Saphir  of  the  Paul  Scher¬ 
rer  Institut  at  Wiirenlingen  (Switzerland)  operating  in  the 
high-intensity  mode  [vertically  focusing  Ge(311)  monochro¬ 
mator,  collimations  -/-/12’,  wavelength  1.7036  A].  The 
single-phase  quality  of  the  polycrystalline  samples  was  con¬ 
firmed  and  the  structure  parameters  were  determined  by  neu¬ 
tron  diffraction  at  10  K  in  the  high-resolution  mode.  In  par¬ 
ticular,  the  oxygen  concentrations  x= 7.00  ±0.02, 6.77 ±0.02, 
and  6.25  ±0.02  resulted  for  the  three  samples.  For  the  low- 
temperature  experiments  the  specimens  were  mounted  inside 


a  bottom  loading  ^He/^He  dilution  refrigerator  attaining  7 
mK.  To  achieve  good  thermal  contact  "*He  was  condensed 
into  the  sample  voids.  The  raw  data  were  corrected  for  ab¬ 
sorption  according  to  the  measured  transmission. 

III.  RESULTS 

The  magnetic  structures  were  determined  at  r=7  mK.  In 
order  to  visualize  the  peaks  due  to  magnetic  ordering  of 
Ho^^  ions  we  calculated  the  difference  patterns  for  T=7  mK 
and  T>T^.  Figures  1  and  2  show  the  results  obtained  for 
x=7.0  and  6.8,  respectively.  The  magnetic  peaks  can  be  in¬ 
dexed  with  increasing  scattering  angle  20  as  (0,1/2, 1/2), 
(0,l/2,3/2),  (0,1/2, 5/2),  (1,112,1/2),  etc.,  with  reference  to  the 
chemical  cell.  Combined  with  intensity  calculations  the  cor¬ 
responding  antiferromagnetic  structure  of  HoBa2Cu30,  (x 
=7.0,  6.8)  is  unambiguously  described  by  the  propagation 
vector  K=[0,l/2,l/2],  i.e.,  the  magnetic  cell  is  doubled  along 
the  b  and  c  directions  compared  to  the  chemical  one,  and  the 
Ho^^  magnetic  sublattice  consists  of  antiferromagnetic  (a,c) 
layers  stacked  according  to  antitranslation  [0,1,0]  as  sche¬ 
matically  displayed  as  insert  in  Fig.  1.  This  antiferromagnetic 
structure  is  in  agreement  with  the  anisotropic  exchange  pa¬ 
rameters  determined  recently  by  inelastic  neutron  scattering 
experiments  on  grain-aligned  powers  of  HoBa2Cu30^  ^  The 
sequence  of  magnetic  peaks  observed  for  x= 6.8  is  the  same 
as  for  X =7.0. 

In  the  refinement  of  the  magnetic  diffraction  patterns  we 
took  into  account  nuclear  (*“Ho)  polarization  effects.  The 
magnetic  part  of  the  cross  section  for  neutron  diffraction 
from  magnetic  samples  with  polarized  nuclei  and  unpolar¬ 
ized  neutrons  is  given  by^ 

^  =A  ^Ml  +  2AMMx  •  P+  (1) 

where  A  =  0.2696X  10”*^  cm  is  the  electronic  magnetic 
scattering  length.  Mx=M  1(Q)=M(Q)-[Q-M(Q)]Q  with 
M(Q)=gy/(Q)J  is  the  component  of  the  magnetization  per¬ 
pendicular  to  the  scattering  vector  Q  and  J  the  total  angular 
momentum  vector.  /(Q)  is  the  electronic  form  factor  and  P 
the  polarization  vector  of  the  nuclei,  bff  is  the  scattering 
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HoBa,Cu,0,.  1(7  mK)  -  1(300  mK) 


2*  (OEaneu) 

FIG.  1.  Observed  and  calculated  magnetic  neutron-difiraction  difference 
pattern  I  (7  mK)-/  (300  mK)  of  HoBa2Cu307.  The  calculated  tine  corre¬ 
sponds  to  the  model  explained  in  the  text.  Inset:  Magnetic  sublattice  of 
HoBa2Cu307 .  The  magnetic  moments  are  oriented  parallel  to  the  a  axis. 
The  statistics  correspond  to  about  three  days  measurements. 

length  of  a  thermal  neutron  by  a  nuclear  spin  The  least- 
squares  refinements  of  the  observed  magnetic  diffraction  pat¬ 
terns  were  carried  out  by  means  of  a  modified  version  of  the 
program  minref'°  including  instrumental  resolution  and  us¬ 
ing  Eq.  (1).  The  electronic  form  factor  of  Ho^^  was  used  in 
the  relativistic  dipole  approximation.” 

The  unusual  line  shapes  observed  in  the  magnetic  neu¬ 
tron  diffraction  pattern  of  HoBa2Cu307  (and  to  a  lesser  ex¬ 
tent  in  HoBa2Cu30j.g)  can  be  shown  to  result  from  finite 
magnetic  correlations  along  the  c  axis  which  is  equivalent  to 
the  occurrence  of  magnetic  stacking  faults  along  that  direc¬ 
tion.  In  that  case,  the  shape  of  the  magnetic  intensity  for  a 
particular  reflection  (h,k,l)  can  be  described  by  a 
Lorentzian:'^ 

/A*/(q)“  77.(r2-b|T7,*,-Q|2)  (2) 

with  q=(9„,9fc,9^)  =  TAt,-Q. 


HoBa.Cu.O,,,  1(7  mK)  •  1(2  K) 


30  (OEOREESI 

FIG.  2.  Observed  and  calculated  magnetic  neutron-diffraction  difference 
pattern  /  (7  mK)-/(2  K)  of  HoBa2Cu306  g.  The  magnetic  structure  is  the 
same  as  for  HoBa2Cu307.  The  statistics  correspond  to  about  three  days 
measurements. 


HoBajCUjO^ 


Temperature  [mK] 


FIG.  3.  The  open  (full)  points  represent  the  observed  and  the  (dotted)  line 
the  calculated  sqi:are  root  of  the  magnetic  neutron  intensity  for  the 
(0,1/2, 1/2)  peak  of  HoBa2Cu30, ,  x=7.0  with  Tf,=\90  mK  (jc=6.8  with 
rA,=100  mK). 


Figure  1  shows  the  results  of  the  least-squares  refinement 
based  on  Eqs.  (1)  and  (2)  (and  using  the  Laue  theorcin  for 
diffraction  in  polycrystalline  samples),  which  excellently  re¬ 
produces  the  data  observed  for  HoBa2Cu307  q-  The  Ho^'*' 
magnetic  moments  are  directed  parallel  to  the  a  axis,  and  the 
(average)  correlation  length  along  the  c  axis  is 
^,.=2/r=(29±4)  A.  By  scaling  the  magnetic  diffraction 
pattern  with  the  nuclear  reflections  we  obtain  an  electronic 
zero-field  moment  fi=2.8{3)  /ig  at  1=7  mK.  A  least-squares 
refinement  of  the  HoBa2Cu306  8  data  yields  /x=  1.7(2)  fig 
and  ^^=(129±10)  A  at  T=1  mK  (see  Fig.  2). 

Figure  3  shows  the  temperature  dependence  of  the  ob¬ 
served  neutron  intensities  for  the  (0,1/2, 1/2)  magnetic  reflec¬ 
tion.  For  a  mean-field  analysis  of  these  data  we  base  our 
calculations  on  a  Hamiltonian  which  includes  crystal  field, 
exchange,  and  hyperfin  :  interactions: 

H=V,-k{J,)J,+aJJ,.  (3) 

Vc  is  the  crystal- field  operator,  X  the  molecular  field  param¬ 
eter,  a  the  hyperfine  coupling  constant,  and  x  the  easy  axis  of 
magnetization.  ITie  crystal  field  as  determined  by  neutron 
spectroscopy^’^  yields  r3  and  r4  singlets  as  ground  and  first 
excited  states,  respectively,  with  energy  separation  A.  As  the 
remaining  crystal-field  states  lie  far  above  A,  we  can  restrict 
our  calculations  to  an  effective  two-level  system.  H  is  then 
diagonalized  in  the  subspace  spanned  by  the  vectors 

{r3,m/),|r4,»i/);/n7=  -I . /;  7=7/2}.  At  finite  temperature 

the  induced  electronic  and  nuclear  polarizations  are  given 
by'^ 
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FIG.  4.  The  lines  are  the  calculated  electronic  magnetization  and  the 
(reduced)  polarization  of  the  nuclei  P= {1^)11,  respectively,  for 
HoBa2Cu30(  8,  as  explained  in  the  text.  The  same  calculations  were  carried 
out  for  HoBa2Cu307  and  are  published  in  Ref.  6. 
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is  the  energy  separating  two  eigenstates  of  Eq.  (3)  with 
same  nuclear  spin  states  nti,  and  z'”'  is  the  solution  of  the 
self-consistent  equation  for  the  induced  electronic  moment  of 
the  new  quantum  states  at  r=0  K: 


,  ,  x{J,)+m,a 

"  '"'iTrrwF^' 

a  21^1 

«=-2|m’|  jr=  -j- 


with  iM'|  =  |(r4|y,|r3)|.  The  hyperfine  coupling  constant  has 
been  determined  by  electron  paramagnetic  resonance  (EPR) 
measurements*'*  to  be  n =39  mK,  and  the  value  of  1^1  and  A 
are  known  from  neutron  spectroscopic  experiments  on 
HoBa2Cu30,  P  ITie  only  adjustable  parameter  is  then  the 
molecular-field  constant  X  which  we  have  chosen  such  as  to 
correctly  predict  the  Neel  temperature  Tf/.  For  both  x=7.0 
and  x= 6.8  we  find  X=65  mK.  Figure  4  shows  the  results  of 
our  calculations  based  on  Eqs.  (4)  and  (5),  with  the  model 
parameters  summarized  in  Table  I.  At  1=7  mK  the  calcu- 


TABLE  I.  Parameter  values  concerning  crystal  field,  magnetic  ordering,  and  | 

hyperfine  interactions  in  HoBa2Cu30j . 


HoBa2Cu306  8 

HoBa2Cu307 

Refs. 

A(K) 

7.31 

5.60 

4,10 

kl 

4.97 

5.08 

4.10 

X(mK) 

65 

65 

present  work 

a  (mK) 

39 

39 

18 

Tn  (mK) 

100 

190 

present  work 

PrOciPe) 

1.77 

2.68 

present  work 

1.7(2) 

2.8(3) 

present  work 

lated  electronic  moments  turn  out  to  be  /i=1.77/ta  and 
/4=2.68/tB  for  x-=6.8  and  7.0,  respectively,  in  excellent 
agreement  with  the  derived  values  from  the  diffraction  data 
(see  text  and  Table  I).  For  x=6.3  the  calculation  (assuming 
X=65  mK  as  for  x=6.8  and  x=7.0)  yields  Tf/=60  mK  and 
/x^OAfig  at  saturation.  This  value  is  too  small  to  give  sig¬ 
nificant  contributions  to  the  magnetic  diffraction  pattern,  in 
agreement  with  the  observed  diffraction  data  for 
HoBa2Cu306  3.  Similar  calculations  carried  out  including  the 
full  crystal-field  level  scheme  gave  essentially  identical  re¬ 
sults  a-'  obtained  from  the  effective  two-level  model,  Eqs.  (4) 
and  (5, 
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The  Raman  spectrum  of  two-dimensional  spin-|  Heisenberg  antiferromagnets  is  calculated  by 
exactly  diagonalizing  clusters  of  up  to  26  sites.  The  obtained  spectra  are  compared  to  experimental 
results  for  various  high-r^  precursors,  such  as  La2Cu04  and  YBa2Cu306  2-  In  spite  of  good  agree¬ 
ment  in  the  position  of  the  main  excitation  in  the  channel,  i.e,  the  two-magnon  peak  around  0.4 
eV,  an  additional  mechanism  has  to  be  invoked  to  account  for  the  broad  and  asymmetric  shape  of 
the  overall  spectrum.  Here,  we  consider  the  phonon-magnon  interaction  which,  in  a  quasistatic 
approximation,  renormalizes  the  Heisenberg  exchange  integral.  This  mechanism  is  motivated  in 
part  by  recent  experimental  observations  that  the  Raman  linewidth  broadens  with  increasing  tem¬ 
perature.  Our  results  are  in  good  agreement  with  Raman  scattering  experiments  performed  by 
various  groups;  in  particular,  the  calculations  reproduce  the  broad  line  shape  of  the  two-magnon 
peak,  the  asymmetry  about  its  maximum,  the  existence  of  spectral  weight  at  high  energies,  and  the 
observation  of  nominally  forbidden  A  i ^  scattering. 


Raman  scattering  is  a  powerful  technique  for  the  study 
of  electronic  excitations  in  strongly  correlated  systems.  Re¬ 
cently,  much  attention  has  been  given  to  the  anomalous  mag¬ 
netic  scattering  with  a  very  broad  and  asymmetric  line  shape 
observed  in  the  Raman  spectra  of  high-Tc  precursors,  such  as 
La2Cu04,  and  YBa2Cu30j2  at  around  3230  and  3080  cm"‘, 
respectively.'  The  selection  rules  associated  with  this  peak 
are  also  anomalous.  While  the  spin-pair  excitations  scatter 
predominantly  in  the  allowed  B|g  channel,  there  is  also  a 
significant  contribution  in  the  nominally  forbidden 
configuration.' 

Previous  theoretical  studies^"'*  of  Raman  scattering  in 
the  nearest-neighbor  spin-j  Heisenberg  model  on  a  two- 
dimensional  square  lattice  have  shown  good  agreement  with 
experiments  in  the  position  of  the  two-magnon  peak,  but 
they  have  failed  to  account  for  the  enhanced  width  observed 
in  the  spectra.  Several  schemes  have  been  proposed  to  re¬ 
solve  this  problem.  Initially,  it  was  believed  that  strong  quan¬ 
tum  fluctuations  were  responsible  for  the  broadening.^  How¬ 
ever,  recent  studies  of  spin-pair  excitations  in  a  spin-1 
insulator,  NiPS3,  show  a  relative  width  comparable  to  that  of 
two-dimensional  cuprates.^  This  leads  us  to  question  the 
view  that  the  observed  anomaly  is  due  to  large  quantum  fluc¬ 
tuations  intrinsic  to  spin-^  systems.  Instead,  we  propose  that  a 
magnon-phonon  coupling  is  responsible  for  the  experimen¬ 
tally  observed  large  widths.  We  remark  that  the  measured 
widths  are  3-4  times  larger  than  the  ones  predicted  within 
the  spin-wave  theory  using  the  Dyson-Maleev  transforma¬ 
tion,  even  when  processes  involving  up  to  four  magnons  are 
taken  into  account.'* 

The  isotropic  Heisenberg  Hamiltonian  is  given  by 

S,  S,,  (1) 

<«7> 


where  the  notation  is  standard,  and  only  nearest-neighbor 
interaction  is  assumed.  For  the  cuprates,  the  exchange  inte¬ 
gral  isJ=-1450  K=-0.12eV. 

In  our  study,  we  obtained  the  ground  state  |<A))  of  Hq 
using  a  Lanezos  algorithm  on  finite  two-dimensional  square 
clusters  (A^=16, 18,  20,  and  26)  with  periodic  boundary  con¬ 
ditions.  We  studied  zero-temperature  spectra  associated  with 
the  scattering  Hamiltonian'"^ 

WRaman=S  (Einc’ 0-,;)(Esc- 6-,y)S,  •  S;  ,  (2) 

<0) 

where  sc  corresponds  to  the  electric  field  of  the  incident 
and  scattered  photons,  and  &,j  is  the  unit  vector  connecting 
sites  I  and  j.  We  concentrated  on  the  case  of  polarizations 
perpendicular  to  each  other,  E  inc“x+y  and  Es,.ax-y,  giving 
Big  scattering. 

The  spectrum  of  the  scattering  operator  can  be  written  as 
n<^)  =  '2  \{4>n\HR^nM\^Sicc-{E„-Eo))  ,  (3) 

n 

where  <t>„  denotes  the  eigenvectors  of  the  Heisenberg  Hamil¬ 
tonian  with  energy  E„ .  In  practice,  the  dynamical  spectrum 
/(w)  is  extracted  from  a  continued-fraction  expansion  of  the 
quantity 

I{(o)~  ~~  Im(l^ol^Raman  ■\-ie~H  ^aamanl^o)  > 

(4) 

where  e  is  a  small  real  number  introduced  in  the  calculation 
to  shift  the  poles  of  Eq.  (4)  into  the  complex  plane. 

Our  results  for  Bjg  scattering  are  shown  in  Figs.  1  and  2. 
The  experimentally  observed  two-magnon  excitation  lies 
around  37,  which  is  in  good  agreement  with  the  location  of 
the  main  peak  in  the  exactly  diagonalized  16-site  square  lat- 
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FIG.  1.  Bfg  Raman  spectrum  in  the  4X4  lattice  for  the  pure  Heisenberg 
model.  The  peaks  have  been  given  a  finite  width  «=0.U,  and  m  is  given  in 
units  of  J. 


tice  shown  in  Fig.  1.  The  position  of  this  peak  can  be  under¬ 
stood  in  terms  of  the  Isir.g  model,  which  corresponds  to  the 
limit  of  the  anisotropic  Heisenberg  Hamiltonian  where  no 
quantum  fluctuations  are  present.  In  its  ground  state,  the 
Ising  spins  align  antiferromagnetically  for  7>0.  Within  this 
model  and  for  a  two-dimensional  (2D)  square  lattice,  it  is 
well  known  that  the  incoming  light  creates  a  local  spin-pair 
flip  at  an  energy  3/  higher  than  the  ground-state  energy.  This 
argument  remains  valid  even  in  the  presence  of  quantum 
fluctuations.  Our  results  indicate  that  the  two-magnon  exci¬ 
tation  is  at  2.9577,  3.426C7,  and  3.03707  for  the  16-,  20-, 
and  26-site  square  lattices,  respectively.  We  believe  that  the 
somewhat  large  shift  for  the  20-site  cluster  is  due  to  an  arti¬ 
fact  inherent  to  the  symmetry  of  the  cluster. 

While  there  is  good  agreement  with  experiments  in  re¬ 
gard  to  the  two-magnon  peak  position,  the  calculated  widths 
are  too  small.  Thus,  it  seems  necessary  to  invoke  an  addi¬ 
tional  process  to  account  for  the  observed  wide  and  asym¬ 
metric  line  shape.  Here,  we  propose  that  the  important  inter- 


(0 


FIG.  2.  Big  Raman  spectrum  for  the  Heisenberg  model  on  a  4X4  lattice  in 
the  presence  of  randomness  in  the  exchange  integral;  this  represents  the 
effect  of  the  spin-pair-ptionon  interaction;  to  is  given  in  units  of  J. 


action  is  between  the  magnon  pair  and  phonons.  The 
phonons  distort  the  lattice  and  renormalize  the  spin-spin  ex¬ 
change  interaction  in  Hq.  This  mechanism  relates  to  that 
proposed  by  Halley*  to  account  for  two-magnon  infrared  ab¬ 
sorption  in,  e.g.,  MnF2.  The  calculations  in  Fig.  2  correspond 
to  the  Raman  spectra  of  a  disordered  lattice,  or  alternatively, 
to  the  quenched  phonon  approximation.  This  approximation 
is  valid  for  the  cuprates  because  there  is  a  clear  separation  of 
energies  between  the  fast  modes  (magnons)  and  the  slow 
modes  (phonons).  For  instance,  in  YBa2Cu305  the  character¬ 
istic  Debye  frequency  is  about  340  cm"*  while  the  two- 
magnon  excitation  is  «='3080  cm"*.  The  Bom-Oppenheimer 
approximation  focuses  on  the  fast  modes  and  freezes  the 
slow  ones. 

In  our  approach,  we  consider  quantum  fluctuations  and, 
more  important,  finite  temperatures,  which  distort  the  lattice. 
In  turn,  these  lattice  distortions  induce  changes,  SJjj ,  in  the 
exchange  integral  7  of  the  perfect  undistorted  lattice.  Here, 
dl/j  represents  the  instantaneous  value  of  Q'VQ/j^(R), 
where  R  denotes  the  equilibrium  position  of  the  ion  carrying 
the  spin,  and  Q  is  the  deviation  from  the  equilibrium.  In  the 
quenched  disorder  approximation,  we  obtain  the  effective 
Hamiltonian 

(5) 

(0) 

where  |  AIj^|<7  is  a  random  variable  reflecting  the  motion  of 
the  ions.  Owing  to  this  motion,  the  translational  invariance  of 
the  original  Heisenberg  Hamiltonian  [Eq.  (1)]  breaks  down. 
This  corresponds  to  taking  a  snapshot  of  the  lattice,  i.e.,  to  a 
Bom-Oppenheimer-type  approximation  which  focuses  on  the 
fast  (high-energy)  modes  and  freezes  the  slow  (low-energy) 
phonon  modes. 

In  our  study,  the  random  couplings  &/,j  were  drawn 
from  a  Gaussian  distribution 

P(fi/,y)  =  -pL-  exp[-(&/i,)W]  . 

For  a  typical  optical  phonon  frequency  (=«340  cm"’  for 
YBa2Cu306),  we  expect  c7=0.37.^/(w)  was  obtained  as  the 
quenched  average  over  m==  1000  realizations  of  the  randomly 
distorted  lattice.  The  quenched  average  of  an  operator  O  is 
defined  by 

1  " 

((0})  =  -  S  («^o(;)|0|^oa))  .  (6) 

;=■ 

where  <f>o(j)  is  the  ground  state  of  the  yth  realization  of  the 
disordered  system. 

In  Fig.  2,  we  show  the  Raman  spectrum  for  the  16-site 
square  lattice  in  the  presence  of  random  exchange  couplings 
drawn  from  a  Gaussian  distribution  with  0=0.3 J,  which  we 
found  to  agree  best  with  experimental  spectra.* 

We  find  that  the  three  main  features  observed  in  the 
experiments,*  namely,  the  broad  line  shape  of  the  two- 
magnon  peak,  the  asymmetry  about  its  maximum,  and  the 
existence  of  spectral  weight  up  to  w~87  are  well  repro¬ 
duced.  Beyond  the  two-magnon  peak,  there  is  a  continuum 
of  phonon-multimagnon  excitations.  The  small  feature 
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around  ft)~5.5J  is  tentatively  assigned  to  a  four-magnon  ex¬ 
citation.  We  are  cunently  investigating  this  point.  In  addi¬ 
tion,  the  calculated  A  jg  component  (not  shown),  which  be¬ 
comes  allowed  due  to  disorder,  also  shows  good  agreement 
with  experiments. 

Finally,  we  would  like  to  stress  that  not  every  kind  of 
disorder  gives  rise  to  the  observed  broadening  of  the  spec¬ 
trum.  For  instance,  disorder  by  points  defects  or  twinning 
planes  will  not  produce  such  an  effect.  Also,  it  is  observed  in 
experiments  that  the  Raman  linewidth  broadens  with  increas¬ 
ing  temperature.®  This  is  a  strong  indication  of  a  phonon 
mechanism  for  the  broadening. 

In  summary,  we  find  strong  evidence  of  phonon-induced 
broadening  of  the  two-magnon  Ramam  scattering  peak  by 
treating  the  low-energy  phonons  as  a  static  random  distortion 
of  the  lattice.  Our  results  are  in  good  agreement  with  experi¬ 
mental  spectra. 
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Vortex  flux  creep  and  magnetic  hysteresis  in  a  type-il  superconductor 
(abstract) 

M.  K.  Hasan,  S.  J.  Park,  and  J.  S.  KouveP^ 

Physics  Department,  University  of  Illinois,  Chicago,  Illinois  60680 

Upon  reversal  of  the  external  magnetic  field  H  during  any  hysteretic  cycling  of  a  type-ll 
superconductor  in  its  vortex  state,  the  rate  at  which  the  magnetic  flux  density  B  varies  with  H  is 
typically  seen  to  start  from  zero  and  then  change  gradually.  Measurements  have  now  been  made  of 
the  time  dependence  of  B  (the  vortex  flux  creep)  at  many  fixed-.W  points  on  several  hysteresis  loops 
of  a  grain-oriented  YBa2Cu307  sample  at  4.2  K  (with  H  and  B  along  the  c  axis),  and  it  is  observed 
that  the  size  of  the  logarithmic  dBldt  drops  abruptly  to  zero,  before  proceeding  to  change  in  sign, 
whenever  H  is  reversed.  This  curious  similarity  between  the  hysteretic  behavior  of  dBldt  at  fixed  H 
and  that  of  the  nearly  instantaneously  measured  dB/dH  can  be  understood  qualitatively  in  terms  of 
the  vortex  pinning.  As  rotational  mapetization  measurements  have  recently  shown,'  the  unpinning 
and  repinning  of  moving  vortices  is  manifested  macroscopicaliy  as  a  frictional  process.  Thus,  the 
reversal  of  vortex  motion  involves  the  reversal  of  frictional  forces,  during  which  the  vortex 
population  in  the  superconducting  sample  (which  is  proportional  to  B)  does  not  change  with  time  or 
field. 


**Work  supportcii  in  part  by  NSF  Grant  No.  DMR-90-24416. 
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Interactions  with  the  sublattice  observed  in  high  resistance  ultrathin 
DyBa2Cu307_x  films  (abstract) 

K.  M.  Beauchamp,  G.  C.  Spalding,  W.  H.  Huber,  and  A.  M.  Goldman 

University  of  Minnesota,  Minneapolis,  Minnesota  55^55 

A  low-temperature  anomalous  magnetoresistance  has  previously  been  reported  in  disordered 
ultrathin  DyBa2Cu307_^  films.  This  unusual  behavior  was  associated  with  interactions  between  the 
charge  carriers  and  a  magnetic  lattice.  Here,  new  results  are  presented  showing  a  peak  in  the 
temperature  dependence  of  the  resistivity  near  the  Dy^^  Neel  temperature.  A  calculation  is  included 
which  shows  that  the  peak  in  B(T)  is  consistent  with  spin  disorder  scattering  from  the  Dy^^  ions  as 
they  order  antiferromagnetically.  These  observation*  lend  support  to  the  suggestion,  based  on 
neutron  scattering  studies,  that  the  Dy^'"  interactions  are  not  strictly  dipolar  and  that  the  electrons 
may  contribute  to  the  magnetic  ordering  of  the  Dy^^  sublaitice. 
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Probing  of  the  pairing  state  of  HTSCs  utilizing  a-b  plane  magnetization 
anisotropy  (abstract) 

J.  Buan,  N.  E.  Israeloff,  C.  C.  Huang,  and  A.  M.  Goldman 

Center  for  Science  and  Application  of  Superconductivity  and  School  of  Physics  and  Astronomy, 

University  of  Minnesota,  Minneapolis,  Minnesota  55455 

J.  2.  Liu  and  R.  N.  Shelton 

Department  of  Physics,  University  of  California,  Davis,  California  95616 

We  have  performed  measurements  of  the  a-b  plane  longitudinal  and  transverse  magnetization 
anisotropy  on  an  untwinned,  high  quality  single  crystal  of  LuBa2Cu307_;t  in  magnetic  fields  below 
Hci  as  a  function  of  temperature,  from  2  K  to  the  transition  temperature  and  the  angle  between  the 
field  and  a  fixed  direction  in  the  a-b  plane.  When  the  superconducting  order  parameter  has  nodes 
on  the  Fermi  surface,  such  as  the  case  of  the  spin-singlet  order  parameter,  nonlinear  effects 
associated  with  low-energy  quasiparticles  should  become  important.'  It  was  pointed  out  by  Yip  and 
Sauls  that  these  effects  will  be  most  important  at  low  temperatures.  They  should  be  observable  in  a 
measurement  of  the  anisotropy  of  the  magnetization  or  the  magnetic  torque.  The  magnetization  is 
predicted  to  develop  an  anisotropic  component  transverse  to  the  applied  field.  Anisotropic  transverse 
magnetization  with  dg.2-yi  symmetry  is  not  seen  in  the  temperature  regime  5  to  25  K.  Our  results 
set  stringent  limits  on  the  anisotropy  of  the  transverse  magnetization  in  this  range.  Within  the 
resolution  of  our  experiment  no  evidence  for  <f-wave  pairing  is  observed. 


Supported  in  part  by  the  Materials  Research  Group  Program  of  the  NSF 
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I  Theory  of  two-dimensional  antiferromagnets  with  a  nearly  critical  ground 
j  state  (abstract) 

‘  Andrey  V.  Chubukov®'  and  Subir  Sachdev 

Depaipnents  of  Physics  and  Applied  Physics,  P.  0.  Box  2157,  Yale  University,  New  Haven, 

Connecticut  06520 

We  present  the  general  theory  of  clean,  two-dimensional,  quantum  Heisenberg  antiferromagnets 
which  are  close  to  the  zero-temperature  quantum  transition  between  ground  states  with  and  without 
long-range  Neel  order.  For  Neel-ordered  states,  “nearly-critical”  means  that  the  ground  state  spin 
stiffoess,  p„  satisfies  ps<l,  where  J  is  the  nearest-neighbor  exchange  constant,  while 
“nearly-critical”  quantum-disordered  ground  states  have  an  energy  gap.  A,  towards  excitations  with 
spin-1,  which  satisfies  A<J.  The  allowed  temperatures,  T,  are  also  smaller  than  J,  but  no 
j  restrictions  are  placed  on  the  values  of  kgUp^  or  kgTIA.  Under  these  circumstances,  we  show  that 

^  the  wave  vector  /frequency-dependent  uniform  and  staggered  spin  susceptibilities,  and  the  specific 

heat,  are  completely  universal  functions  of  just  three  thermodynamic  parameters.  On  the  ordered 
side,  these  three  parameters  are  p^,  the  r=0  spin-wave  velocity  c,  and  the  ground  state  staggered 
moment  Nq.  Explicit  results  for  the  universal  scaling  functions  are  obtained  by  a  1/N  expansion  on 
the  0(N)  quantum  nonlinear  sigma  model.  These  calculations  lead  to  a  variety  of  testable 
predictions  for  neutron  scattering,  NMR,  and  magnetization  measurements.  Our  results  are  in  good 
agreement  with  a  number  of  numerical  simulations  and  experiments  on  undoped  and  lightly  doped 
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Magneto-Optics 
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Electronic  structure  and  magneto>opticai  properties  of  MnBi  and  MnBiAi 

S.  S.  Jaswal,  J.  X.  Shen,  R.  D.  Kirby,  and  D.  J.  Selimyer 

Behlen  Laboratory  of  Physics  and  Center  for  Materials  Research  and  Analysis,  University  of  Nebraska, 

Lincoln,  Nebraska  68588-0111 

MnBiAi  films  are  of  considerable  current  interest  for  possible  magneto-optical  applications  because 
of  their  perpendicular  anisotropy,  large  polar  Kerr  rotation,  reduced  grain  size,  and  structural 
stability.  We  report  here  experimental  and  theoretical  studies  of  the  effect  of  A1  alloying  on  the 
electronic  structure  and  magneto-optical  properties  of  MnBi.  Our  measured  spectral  dependencies  of 
the  polar  Kerr  rotation  in  the  two  systems  are  similar.  We  carried  out  relativistic  self-consistent 
spin-polarized  electronic  structure  calculations  on  MnBi  and  MnBiAi,  and  the  calculated  densities 
of  states  are  in  good  agreement  with  available  x-ray  photoemission  spectroscopy  data  for  both 
materials.  The  spin  magnetic  moment  of  Mn  increases  and  the  overall  orbital  moment  decreases 
with  the  addition  of  A1  to  MnBi.  The  latter  effect  implies  the  lowering  of  spin-orbit  interactions  upon 
alloying  MnBi  with  Al,  and  the  two  effects  together  suggest  that  the  spectral  dependencies  of  the 
Kerr  rotation  should  be  similar,  as  is  observed  experimentally. 


MnBi  has  been  known  for  several  decades  as  a  material 
with  a  large  Kerr  rotation.  Recently,  efforts  have  been  made 
to  improve  its  magneto-optical  properties  by  alloying  with 
other  metals  such  as  Al.*"”*  The  electronic  structure  of  MnBi 
has  been  calculated  by  Coehoom  and  deGroot,^  and  a  cluster 
study  on  the  electronic  and  magnetic  properties  of  MnBi  and 
MnBiAi  has  been  reported.^  We  report  here  theoretical  and 
experimental  studies  of  the  electronic  structure  and  magneto¬ 
optical  properties  of  MnBi  and  MnBiAi. 

MnBi  crystal  is  hexagonal  with  four  atoms  per  unit  ceil 
and  the  space  group  symmetry  is  P6-ilmmc  with  sites  a  and 
c  occupied.  MnBLAl  also  has  the  same  structure,  and  the 
distance  between  the  hexagonal  planes  remains  essentially 
unchanged  upon  alloying  MnBi  with  Al.  Unfortunately,  little 
information  is  available  on  the  change  in  the  a  lattice  con¬ 
stant  with  the  addition  of  Al.  Also,  the  sites  occupied  by  the 
Al  atoms  are  unknown,  but  the  interstitial  sites  in  the  hex¬ 
agonal  NiAs  structure  are  thought  to  be  the  most  likely  can¬ 
didates.  In  the  present  calculations  we  assume  MnBiAi  to  be 
an  ordered  structure  with  all  the  interstitial  (d)  sites  occupied 
by  Al  atoms.  We  had  to  make  the  a  lattice  constant  of 
MnBiAi  15%  larger  than  that  of  MnBi  to  stabilize  the  elec¬ 
tronic  structure  calculations. 

The  relativistic  self-consistent  spin-polarized  electronic 
structure  calculations  are  based  on  the  linear  muffin-tin  or¬ 
bitals  method  (LMTO)  in  the  local  density  approximation.’ 
MnBi  and  MnBiAi  have  four  and  six  atoms  per  unit  cell, 
respectively.  With  s,  p,  and  d  as  basis  functions,  the  relativ¬ 
istic  Hamiltonian  gives  72X72  and  108X108  matrices  for 
MnBi  and  MnBLAl,  respectively. 

The  results  for  total  and  partial  spin-polarized  densities 
of  states  (DOS)  for  MnBi  are  shown  in  Fig.  1.  The  Mn  3d 
states  dominate  the  spectrum  with  a  peak  around  3  eV  below 
the  Fermi  level  in  the  occupied  states.  The  magneto-optical 
properties  of  MnBi  are  primarily  determined  by  transitions 
between  Mn  d  and  Bi  p  states.  The  present  results  are  similar 


to  those  of  Coehoom  and  deGroot^  based  on  the  augmented 
spherical  wave  method. 

The  MnBLAl  DOS,  plotted  in  Fig.  2,  are  qualitatively 
similar  to  those  of  MnBi.  The  differences  in  the  two  spectra 
arise  because  of  the  additional  hybridization  mainly  between 
the  s-p  states  of  Bi  and  Al  in  MnBiAi.  The  calculated  DOS 
for  the  two  systems  are  in  good  agreement  with  the  x-ray 
photoemission  spectroscopy  data  of  Wang  et  al? 

The  calculated  magnetic  moments  in  MnBi  and  MnBiAi 
are  listed  in  Table  I.  The  Mn  moment  in  MnBiAi  is  about  5% 
larger  than  that  in  MnBi,  whereas  the  induced  moment  on  Bi 
goes  down.  This  is  due  to  the  reduced  hybridization  between 
Mn  and  Bi  states,  which  results  from  the  hybridization  of  the 
Bi  and  Al  states  mentioned  in  the  preceding  paragraph. 

The  Kerr  rotation  in  the  two  systems  is  primarily  due  to 
the  magnetism  of  Mn  and  the  spin-orbit  interactions  of  Bi.® 
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FIG.  1.  Total  and  partial  spin-polarized  densities  of  states  of  MnBi. 
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FIG.  2.  Total  and  partial  spin-polarized  densities  of  states  of  MnBiAl. 


FIG.  3.  Measured  polar  Kerr  rotation  as  a  function  of  the  wavelength  in 
MnBi  and  MnBiAl.  The  oscillations  in  the  rotation  are  due  to  optical  inter¬ 
ference  effects  in  the  SiO^  overcoat.  The  nominal  compositions  were 
MniBiog  and  Mn]Bio8Aio4. 


We  have  seen  above  that  the  addition  of  Al  to  MnBi  en¬ 
hances  the  Mn  magnetic  moment.  To  study  the  effect  of  Al 
on  spin-orbit  interactions,  we  have  calculated  the  orbital  mo¬ 
ments  in  the  two  systems,  which  are  given  by 

almj 

where  mi  is  the  magnetic  quantum  number  corresponding  to 
the  orbital  quantum  number  /  and  is  the  occupied  number 
density  for  spin  or.’  The  calculated  values  of  the  orbital  mo¬ 
ment  (in  fig)  for  MnBi  and  MnBiAl  are  0.129  and  0.057  per 
unit  cell,  respectively.  Thus  the  addition  of  Al  to  MnBi  low¬ 
ers  the  spin-orbit  interactions  due  to  the  hybridization  of  Al 
and  Bi  states. 

The  present  calculations  are  based  on  33.3  at.  %  Al  in 
MnBiAl,  while  the  experimental  results  are  for  Al  concentra¬ 
tions  of  typically  15  at.  %.  Thus  the  increase  in  the  magnetic 


TABLE  I.  Magnetic  moments  (in  Hg)  for  different  sites  in  MnBi  and 
MnBiAl. 


MnBi 

MnBiAl 

Present 

calculations 

Ref.  5 

Present 

calculations 

Mn 

3.78 

3.61 

4.08 

Bi 

-0.20 

-0.09 

-0.01 

Al 

-0.02 

moment  of  Mn  and  the  decrease  in  spin-orbit  interactions  for 
the  experimental  concentrations  of  Al  in  MnBi  are  expected 
to  be  small.  Since  the  changes  in  the  magnetic  moments  and 
spin-orbit  interactions  due  to  aluminization  of  MnBi  have 


opposite  effects  on  the  Kerr  rotation,  we  expect  Kerr  spectra 
of  MnBi  and  MnBiAl  to  be  quantitatively  similar. 

Our  experimental  results  for  the  Kerr  rotation  as  a  func¬ 
tion  of  wavelength  are  plotted  in  Fig.  3.  The  oscillations  in 
the  data  are  due  to  multiple  reflections  from  the  ~150  nm 
thick  SiO^  overcoat.  Taking  the  average  values  of  these  os¬ 
cillations,  we  note  that  the  Kerr  rotations  for  MnBi  and 
MnBiAl  are  similar,  in  agreement  with  our  theoretical  pre¬ 
dictions.  Our  experimental  results  are  also  in  agreement  with 
those  of  Di  et  al.*  The  experimental  results  of  Wang  et  aO'^ 
are  somewhat  similar  to  the  above  data  except  for  a  low 
value  of  0.7°  for  MnBi  at  633  nm. 

In  conclusion,  the  electronic  structure  calculations  pre¬ 
dict  that  the  Kerr  rotations  in  MnBi  and  MnBiAl  should  be 
similar,  which  is  in  agreement  with  the  experimental  data. 

This  work  is  supported  by  the  National  Science  Founda¬ 
tion  under  Grant  No.  DMR-9222976,  ARPA  Grant  No.  MDA 
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the  NSF  Experimental  Program  to  Stimulate  Competitive 
Research,  and  the  National  Supercomputing  Facility  at  Cor¬ 
nell  University.  We  are  grateful  to  Hans  Skriver  for  the  cop¬ 
ies  of  relativistic  LMTO  programs. 
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Low-temperature  characterization  of  the  magnetic  properties  of 
MnBiAi  thin  fiims 

K.  W.  Wierman,  J.  X.  Shen,  R.  D.  Kirby,  and  D.  J.  Sellmyer 

Behlen  Laboratory  of  Physics  and  Center  for  Materials  Research  and  Analysis,  University  of  Nebraska, 
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The  magnetic  properties  of  thin-film  samples  of  MnBiogAl^^  with  aluminum  concentrations  of 
j:=0.0,  0.4,  0.6,  and  0.8  were  systematically  studied  over  a  temperature  range  of  20  to  300  K.  The 
as-deposited  films  are  amorphous  and  nonmagnetic,  but  highly  textured  polycrystalline  films  that  are 
fenomagnetic  are  formed  by  annealing  at  350  “C.  Our  measurements  show  that  the  coercivity  of 
such  films  rapidly  decreases,  then  approaches  a  constant  value  (4  kOe  for  x=0.4)  with  increasing 
annealing  time.  Magnetic  measurements  show  that  both  anisotropy  and  coercivity  decrease  with 
decreasing  temperature.  Unlike  bulk  MnBi,  our  MnBio.8Al^  thin  films  do  not  have  a  spin 
reorientation  transition  at  low  temperatures.  This  may  be  due  to  impediment  of  the  lattice 
contractioh'by  the  A1  atoms  doped  into  the  interstitial  sites  of  the  MnBi  lattice. 


INTRODUCTION 

MnBiAi  has  been  proposed  as  a  possible  magneto¬ 
optical  storage  candidate  due  to  its  large  Kerr  rotation  and 
perpendicular  magnetic  anisotropy.  Wang  reported  that 
(Al,Si)  doping  increased  the  Kerr  rotation,  improved  the 
thermal  stability,  and  reduced  the  polycrystalline  grain  size.’ 
Roberts^  carried  out  neutron  diffraction  studies  on  bulk 
MnBi  and  found  that  the  c  axis  contracted  by  more  than  1% 
as  the  temperature  was  lowered  from  300  to  5  K.  Recent 
work  by  Guo  et  al?  on  bulk  MnBi  showed  that  the  uniaxial 
anisotropy  constant  decreases  substantially  with  decreasing 
temperature,  and  the  lattice  contraction  may  be  a  major  con¬ 
tributing  factor  to  this  decrease.  It  is  also  of  interest  to  ascer¬ 
tain  what  role  aluminum  doping  plays  in  determining  the 
anisotropy  energy  and  its  temperature  dependence. 


EXPERIMENT 

MnBi{,gAl_,  thin  films  with  nominal  Al  contents  a: =0.0, 
0.4,  0.6,  and  0.8  were  made  by  sequential  evaporation  of  Bi, 
Mn,  and  Al  from  a  tungsten  boat  onto  a  room-temperature 
glass  substrate.  The  base  pressure  of  the  vacuum  chamber 
was  3X10“’  Ton,  and  the  film  thickness  was  typically  80 
nm.  After  evaporation,  the  thin  films  were  covered  with  a 
150-nm-thick  SiO;^  protective  layer.  Samples  were  annealed 
in  vacuum  for  4  h  at  350  °C.  X-ray  diffraction  measurements 
show  large  intensities  for  the  (002)  and  (004)  MnBi  peaks, 
indicating  that  the  annealed  films  have  the  NiAs-type  hex¬ 
agonal  structure  with  the  c  axis  highly  oriented  along  the 
film  normal.  The  c-axis  lattice  parameter  of  MnBiogAlo.g 
(6.06  A)  is  the  same  as  that  of  MnBigg  (6.07  A)  within 
measurement  enor,  similar  results  were  obtained  for  x:=0.4, 
0.6.  In  the  measurements  reported  here,  the  temperature  de¬ 
pendencies  of  the  perpendicular  anisotropy  constant  K„ ,  co¬ 
ercive  force  He,  and  remnant  magnetization  were  deter¬ 
mined  from  hysteresis  loops  generated  by  an  alternating- 
gradient  force  magnetometer  (AGFM).  Kerr  rotation  versus 
total  annealing  time  measurements  were  made  using  an  ap¬ 
paratus  described  elsewhere."* 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  perpendicular  and  parallel  hysteresis 
loops  as  measured  with  the  AGFM  for  MnBio  gAlo.4  at  three 
different  temperatures.  These  loops  clearly  show  that  perpen¬ 
dicular  anisotropy  is  maintained  down  to  low  temperatures 
for  jc=0.4,  and  similar  loops  were  obtained  for  the  a:=0.0, 
0.6,  and  0.8  samples.  No  evidence  of  the  spin  reorientation 
transition  reported  for  bulk  MnBi  is  found  in  these 
measurements.^ 


FIG.  1.  Parallel  and  perpendicular  magnetization  loops  for  MnBiggAlg4. 
The  parallel  and  perpendicular  loops  are  indicated. 
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FIG.  2.  Temperature  dependence  of  the  anisotropy  constant  K„  of 
MnBio8Alo4  for  four  different  sample  compositions. 

The  area  between  the  perpendicular  and  parallel  hyster¬ 
esis  loops  was  used  to  determine  the  magnetic  anisotropy 
constant  ,  and  Fig.  2  shows  the  temperature  dependence 
of  Ku  for  x=0.0,  0.4,  0.6,  and  0.8.  It  can  be  seen  that  for 
each  sample  increases  with  increasing  temperature,  as 
was  found  for  bulk  MnBi,^’*  with  the  x= 0.8  sample  showing 
the  largest  increase.  could  not  be  reliably  determined  for 
temperatures  above  200  K  because  of  the  limited  magnetic 
field  available  on  the  AGFM.  Assuming  the  decrease  in 
with  decreasing  temperature  is  due  to  contraction  of  the  c 
axis,  then  A1  doping  appears  to  hinder  this  contraction.  This 
would  be  consistent  with  the  A1  atoms  residing  at  the  inter¬ 
stitial  sites  as  opposed  to  in  the  grain  boundaries. 

Figure  3  plots  the  ratio  of  the  remnant  magnetization  to 
the  saturation  magnetization  (M^IM,)  as  a  function  tempera¬ 
ture.  The  sharp  drop  in  this  ratio  as  T  goes  below  150  K  is 
likely  associated  with  the  rapid  reduction  in  Ku  as  the  tem¬ 
perature  is  lowered.  However,  even  at  50  K  the  anisotropy 
field  {2KJMg)  is  still  a  factor  of  two  to  three  larger  than  the 
demagnetizing  field  suggesting  that  the  rapid 


FIG.  3.  Temperature  dependence  of  the  remnant  magnetization  M,  for  four 
different  sample  compositions. 


FIG.  4.  Coercivity  of  MnBio8Alo4  vs  temperature  for  four  different  sample 
compositions. 


drop  in  the  remnant  magnetization  near  150  K  is  due  to 
domain  formation.  It  should  also  be  noted  that  A1  doping 
seems  to  only  moderately  improve  loop  squareness. 

Figure  4  shows  the  coercivity  as  a  function  of  tempera¬ 
ture  for  all  four  samples.  It  should  be  noted  that  the  x=0.8 
sample  has  a  slightly  smaller  coercivity  than  the  x=0.6  at 
300  K,  even  though  it  has  a  larger  value  of  .  This  suggests 
that  physical  properties  other  than  the  anisotropy  field,  such 
as  crystalline  microstructure  and  small  variations  in  compo¬ 
sition,  are  important  in  determining  the  magnitude  of  the 
coercivity. 

Figure  5  shows  the  coercivities  of  MnBiog  and 
MnBio  gAl^  as  a  function  of  annealing  time  at  350  ®C.  The 
initial  rapid  decreases  in  the  coercivities  are  consistent  with 
crystallization  of  small  particles,  followed  by  growth  of  the 
particles.  After  annealing  for  about  6  h,  no  additional  reduc¬ 
tions  in  the  coercivities  are  observed,  suggesting  that  the 
crystallization  process  is  completed  and  the  particle  sizes 
have  reached  their  maximum  values.  The  magnitude  of  the 
Kerr  rotation  (not  shown)  shows  a  behavior  consistent  with 
this  interpretation.  It  rises  rapidly  from  zero  as  a  function  of 
annealing  time,  finally  saturating  after  6  h  of  annealing.  The 


FIG.  5.  Coercivity  vs  annealing  time  for  MnBio8Alo4  and  MnBiog. 
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FIG.  6.  Hysteresis  loops  obtained  with  an  AGFM  for  (a)  MnBigg  and  (b) 
MnBiogAl(|4  after  45  h  of  annealing  at  350  °C. 

Al-doped  sample  has  a  larger  coercivity  for  all  annealing 
times,  which  may  be  a  reflection  of  the  smaller  grain  sizes 
expected  with  A1  doping.* 

Figure  6  shows  the  temperature  dependencies  of  the  hys¬ 
teresis  loops  for  MnBio.8  and  MnBio,8AIo,4  after  45  h  of  an¬ 
nealing.  Notice  that  both  samples  have  nearly  100%  remnant 
magnetization,  even  at  the  lowest  temperature  of  20  K.  These 
results  show  that  annealing  conditions  can  have  a  larger  ef¬ 
fect  on  the  remnant  magnetization  than  does  A1  doping.  The 


similar  results  here  for  MnBiog  and  MnBio,8Alo.4  may  be  a 
consequence  of  diffusion  of  Si  from  the  SiO;^  overcoat  into 
the  bulk  of  the  sample,  as  has  been  suggested  by  Wang.* 

In  summary,  we  have  studied  the  magnetic  properties  of 
MnBio.8Al,  for  four  different  compo.sitions  over  the  tempera¬ 
ture  range  20  to  300  K.  The  values  of  the  uniaxial  anisotropy 
constant  were  found  to  increase  with  A1  content  at  room 
temperature  and  below.  Our  measurements  showed  no  evi¬ 
dence  of  the  low-temperature  spin-reorientation  transition 
previously  observed  in  bulk  MnBi.  Coercivity  measurements 
versus  annealing  time  were  obtained  showing  the  sensitivity 
of  the  magnetic  properties  to  annealing  conditions.  Further 
x-ray  diffraction  and  electron  microscopy  studies  are  needed 
to  determine  the  positions  of  the  A1  atoms  and  further  to 
determine  the  effects  that  annealing  conditions  have  on  the 
crystal  structure  and  microstructure.  These  studies  are  under 
way. 
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This  article  reports  the  effect  of  Al  doping  into  MnBiSi  films  on  the  structure  and  magneto-optical 
properties  of  the  parent.  Under  suitable  Al  doping,  the  x-ray  diffi^action  peaks  of  (002)  and  (004) 
move  to  a  larger  20  value  related  to  that  of  MnBiSi.  Moreover,  two  satellite  peaks  appear  beside  the 
main  (002)  and  (004)  peaks  of  MnBiAiSi.  Such  structural  distortion  due  to  Al  doping  results  in  an 
increased  Kerr  rotation  angle,  an  effective  perpendicular  anisotropy  constant  K^,  as  well  as 
improvement  of  the  thermal  stability  of  MnBiSi. 


I.  INTRODUCTION 

Since  1973  great  attention  has  been  paid  to  the  amor¬ 
phous  rare-earth  (RE)-transition-metal  alloy  film  because  of 
its  large  magneto-optical  (MO)  recording  density.’”^  These 
materials  are  used  in  practical  MO  disk  products  on  the  mar¬ 
ket  today.  However,  a  number  of  basic  deficiencies  remain, 
which  include  domain  stability,  thermal  stability,  and  corro¬ 
sion  resistance.  Moreover,  these  material  have  small  Kerr 
rotation  angle  and  poor  figure  of  merit  around  400  nm.  Ap¬ 
parently,  RF-TM  alloys  must  be  replaced  by  a  new  medium 
because  the  short-wavelength  recording  is  the  trend  for  the 
MO  disk  since  realization  of  the  420-nm  recording  will  make 
it  possible  to  increase  the  area  density  by  a  factor  of  4.'* 

Nowadays,  finding  a  new  recording  medium  suitable  for 
short-wavelength  MO  recording  is  of  great  interest.  Several 
candidates  such  as  Pt/Co  multilayers  and  doped  garnet  are 
competing  as  the  second  generation  recording  medium. 
Pt/Co  multilayers  especially  have  a  good  figure  of  merit  at 
about  400  nm  (Ref.  5)  as  compared  to  the  amorphous  film. 

Much  of  the  earlier  work  on  MO  media  was  about  MnBi 
(Ref.  6)  since  it  satisfies  some  requirements  of  MO  media 
such  as  large  6^^ ,  perpendicular  anisotropy,  and  rectangular 
hysteresis  loop.  The  major  factor  that  obstructs  the  progress 
of  MnBi  as  an  available  MO  medium  is  that  it  has  two  crys¬ 
tal  phases  with  the  transition  temperature  close  to  its  Curie 
temperature  and  thermomagnetic  writing  will  result  in  ther¬ 
mal  instability.  In  1988,  Wang  reported  on  the  (Al,Si)-doped 
MnBi  film.^’*  With  the  doping  of  Al  and  Si,  the  phase  tran¬ 
sition  of  MnBi  is  successfully  suppressed.  Meanwhile,  the 
Qf^  is  greatly  increased  to  2.04’  at  6328  A,  1.6’  at  0.4  ^m. 
Comparatively,  at  0.4  /Jtm,  it  is  about  three  times  as  large  as 
that  of  Pt/Co  multilayers  and  six  to  seven  times  of  TbFeCo. 
As  a  result,  (Al,Si)-doped  MnBi  film  becomes  a  promising 
candidate.^ 

In  this  article,  using  the  data  from  the  homogeneous 
saturated  samples,  we  have  systematically  studied  the  effect 
of  Al  doping,  concerning  the  MO  properties,  crystal  struc¬ 
ture,  and  temperature  dependence  of  some  material  param¬ 
eters. 

II.  EXPERIMENTAL  PROCEDURE 

As  our  previous  reports  showed,^’*  MnjgBiojAlo^ 
(named  MnBiAiSi)  and  Mnj  oBij  q  (MnBiSi)  films  were  pre¬ 
pared  by  thermal  evaporating  pure  metals  Bi,  Al,  and  Mn, 
respectively,  on  glass  substrate  from  multiple  Ta  boats.  The 


area  of  substrate  is  8X8  mm^.  Silicon  oxide  film  as  a  protec¬ 
tive  layer  was  then  deposited  on  these  samples.  The  base 
pressure  of  the  vacuum  system  is  about  5X10“®  Torr. 

The  composition  of  the  films  was  controlled  by  a  quartz 
crystal  monitor  during  evaporation,  Bi,  Al,  Mn,  and  SiO 
were  approximately  50,  9,  30,  and  150  nm,  respectively.  The 
as-deposited  films  were  annealed  at  about  600  K  for  6  h  in  a 
vacuum  of  1  x  10“®  Torr  for  alloying. 

Magnetic  domain  structure  was  examined  by  using  a  po¬ 
larization  microscope  (PM)  in  polar  reflective  mode.  The  po¬ 
lar  spectra  and  hysteresis  loop  were  obtained  by  using 
modulation  method  through  glass  substrates.  The  crystalline 
structure  was  detected  by  a  x-ray  diffractometer  (XRD). 
Torque  was  also  employed  to  measure  the  effective  perpen¬ 
dicular  anisotropy  constant  at  different  temperature.  The 
annealing  experiment  was  designed  to  study  the  thermal  sta¬ 
bility. 

III.  RESULTS  AND  DISCUSSION 

The  typical  magnetic  domain  images  of  MnBiAiSi  film 
are  given  in  Fig.  1,  in  which  Fig.  1(a)  is  taken  just  after 
annealing.  Figures  1(b)  and  1(c)  are  taken  after  the  sample 
was  magnetized  under  6  kOe  along  the  vertical  direction, 
corresponding  to  both  the  remanence  states  with  positive  and 
negative  Mf .  It  reveals  that  the  samples  are  uniformly  satu¬ 
rated.  The  domain  picture  of  MnBiSi  is  similar  to  Fig.  1. 

Figures  2(a)  and  2(b)  are  the  x-ray  diffraction  profile  of 
MnBiAiSi  and  MnBiSi  films.  The  extremely  strong  (002) 


FIG.  1.  Magnetic  domain  images  of  a  MnBiAiSi  fitm,  in  which  (a)  is  taken 
just  after  annealing  and  (b)  and  (c)  are  taken  after  the  domain  images  are 
saturated  along  the  vertical  with  the  opposite  contrast. 
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FIG,  2.  X-ray  diffraction  profiles. 


and  (004)  peaks  are  their  common  feature.  It  means  that  the 
perfect  (002)  texture  with  the  c  axis  normal  to  the  film  plane 
is  formed.  Meanwhile,  the  c-axis  orientation  is  also  fine, 
which  can  be  confirmed  by  from  the  0-26  curve 

(rocking  curve)  of  the  MnBiAlSi  sample. 

The  other  structural  feature  for  A1  doping  into  MnBiSi  is 
that  two  new  small  satellite  peaks  appear  beside  the  (002) 
and  (004)  peaks  of  MnBiAlSi  on  the  x-ray  profile,  and  they 
belong  to  the  same  crystal  face  family.  These  two  peaks  are 
surely  not  from  any  peak  of  Mn,  Bi,  or  MnBi  crystalline. 
They  are  effect  of  A1  doping  and  may  be  of  an  unknown 
second  new  phase,  at  present.  Below  we  can  see  that  this 
second  phase  is  stable  in  structure  during  the  repeatedly 
heating-quenching  circles. 

Moreover,  it  is  also  found  that  the  index  d  of  MnBiAlSi 
between  the  two  nearest  hexagonal  base  planes  is  slightly 
reduced,  from  6.10  A  (MnBiSi)  to  6.04  A  (MnBiAlSi).  This 
is  evidence  of  A1  in  corporation  in  the  MnBi  structure. 

It  is  well  known  that  the  Al-doped  MnBi  film  has  much 
larger  than  MnBi  film.’’®  Figure  3  is  the  Kerr  rotation 
spectra  of  MnBiAlSi  and  MnBiSi  for  our  new  homogeneous 
saturated  samples.  The  reflectivity  spectra  of  MnBiAlSi  is 
also  shown.  Besides  the  different  value,  we  can  see  that 
the  spectra  of  MnBiAlSi  has  an  apparent  peak  structure 
around  6300  A,  but  the  peak  of  MnBiSi  is  poorly  defined.  In 
order  to  make  it  clearer,  we  show  the  curves  in  the  insert 
where  just  the  shape  of  both  Kerr  spectra  are  compared. 
Since  the  magneto-optical  MO  effect  comes  from  the  transi¬ 
tion  of  the  polarized  electron,'®’”  the  difference  between  the 
spectra  suggests  that  A1  doping  modulates  the  structure  of  the 
electronic  state  of  MnBi  near  the  Fermi  level. 
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FIG.  3.  Ken  rotation  and  reflectivity  spectra.  In  the  insert  the  shape  of  Kerr 
spectra  for  both  samples  are  compared. 


From  the  hysteresis  loops  measured  by  surface  magneto¬ 
optical  Kerr  effect  (SMOKE)  at  6328  A,  as  indicated  in  Fig. 
4,  we  can  see  that  the  coercivity  increases  from  about  1.4 
kOe  of  MnBiSi  to  2.3  kOe  of  MnBiAlSi.  Also,  the  rectangu¬ 
lar  shape  is  highly  improved  with  the  doping  of  Al  atoms. 
These  will  make  the  MnBiAlSi  more  suitable  for  MO  record¬ 
ing. 

At  room  temperature,  of  MnBiAlSi  is  2.5X10^ 
erg/cm®  and  K„=  1.2X10®  erg/cm^  for  MnBiSi.  The  tem¬ 
perature  dependence  of  the  normalized  anisotropy  constant 
K„(T)/K„  (300  K)  is  given  in  Fig.  5  for  MnBiAlSi  and 
MnBiSi,  respectively,  for  the  range  80  to  300  K.  From  it,  we 
can  see  that  when  the  temperature  varies  from  300  down  to 
80  K,  Ky  of  MnBiSi  decreases  by  80%  from  2.5X10®  to 
0.5X10®  erg/cm®,  similar  to  the  previous  report  on  MnBi 
alloy  film.”  Comparatively,  K„  of  MnBiAlSi  has  only  a  little 
change  on  the  whole  temperature. 

As  a  magneto-optical  recording  medium,  the  thermal  sta¬ 
bility  is  very  significant.  Consequently,  the  experiment  of 
about  750  K  annealing  on  MnBiAlSi  and  MnBiSi  were  done, 
which  approaches  to  the  temperature  of  MnBi  phase  transi¬ 
tion.  The  annealing  procedure  is  that  the  samples  were  an¬ 
nealed  in  vacuum  about  1X10”®  Torr  for  different  durations 
from  10  to  3000  min  at  750  K  and  then  were  cooled  down  to 
room  temperature  at  the  rate  of  -1.6  K/s.  Figure  6  shows  the 
0^  value  versus  the  annealing  time.  It  is  clear  that  with  the 


FIG.  4.  Kerr  hysteresis  loops. 
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FIG.  5.  Temperature  dependence  of  anisotropy  constant. 


increase  of  annealing  time,  0jf  of  MnBiSi  decreases  continu¬ 
ously  from  1.5°  to  1.06°,  while  Oj?  of  MnBiAlSi  is  almost 
unchanged. 

As  mentioned  above,  the  A1  doping  into  MnBiSi  greatly 
improves  the  MO  properties  and  stability,  and  this  improve¬ 
ment  maybe  resulted  from  the  structure  change. 


FIG.  6.  Effect  of  thermal  annealing  on  the  value  of  . 


In  the  close-packed  hexagonal  structure  of  MnBi,  there 
are  a  total  of  14  Mn  atoms  on  two  neighboring  hep  basal 
planes  and  three  Bi  atoms  located  at  the  intermediate  be¬ 
tween  the  hep  basal  planes  in  a  crystal  unit  cell.  There  are 
three  interstitial  sites  that  are  identical  to  the  site  of  three  Bi 
atoms.*^ 

In  a  solid  solution  if  a  large  atom  like  Bi  is  replaced  by 
a  small  atom  like  Al,  the  lattice  constant  decreases.  The 
change  or  distortion  of  the  crystal  structure  must  carry  out 
the  change  of  the  properties.  We  know  that  MO  effect  of 
MnBi  mainly  comes  from  the  interband  transition.  Its  large 
value  comes  from  Mn  3d  electrons,  which  are  strongly- 
hybridized  with  Bi  6;?  electrons.  We  consider  that  the 
doped  Al  atoms  will  surely  affect  the  hybrid  states,  and  con¬ 
sequently  will  produce  the  better  MO  properties  including 
the  larger  Kerr  rotation.  The  entrance  of  Al  atoms  into  the 
lattice  of  MnBi  including  the  Bi  sites  and  the  interstitial  sites 
also  affect  the  bonding  between  the  nearest  Mn  atoms.  The 
suppression  of  the  phase  transition  could  be  related  to  the 
improvement  of  the  bonding. 
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Magnetic  and  magneto-optical  properties  of  Mn5(Gei  -xMx)3  alloys 
with  M=Sn,  Pb 
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Behlen  Laboratory  of  Physics  and  Center  for  Materials  Research  and  Analysis,  University  of  Nebraska, 
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We  report  on  the  magnetic  and  mapeto-optical  properties  of  the  intermetallic  alloys 
Mn5(Gei_^M;()3,  where  M=Sn,  Pb.  Generally,  these  alloys  were  ordered  ferromagnetically  at 
r>300  K  for  jc<0.3.  The  structure  of  Mn5(Gei _;(Snj3  remains  in  the  hexagonal  Mn5Si3(/iP16) 
phase  up  to  j:=0.25  and  then  changes  to  Nyn  (hP6)  as  x  approaches  1.  The  mapetization  and 
Curie  temperature  of  these  alloys  is  largest  for  small  x  and  reach  a  minimum  value  near  j: = 0 . 5 .  The 
room  temperature  Polar  Kerr  rotation,  however,  increases  from  -0.06°  at  .x=0  to  maximum  value 
of  -0.12°  at  jf=0.1  before  decreasing  toward  zero  for  Jt>0.3.  The  Mn5(Gei  _;tPbJ3  samples  show 
a  Mn5Si3  structure  with  ferromagnetic  behavior  for  0.3,  and  varying  structure  with  rapidly 
decreasing  magnetization  above  x= 0.3.  The  mapetic  behavior  observed  was  complex  for  x 2=  0.3. 
The  Ilerr  rotation  of  the  Pb-doped  alloys  in  the  ferromapetic  region  monotonically  decreases  from 
-0.06°  to  zero  at  x'«0.3. 


I.  INTRODUCTION 

Current  research  of  materials  for  use  as  magneto-optic 
storage  media  focuses  on  ferromagnetic  materials  that  have 
strong  uniaxial  anisotropy  and  Curie  temperatures  in  the 
range  of  30-200  °C.'’^  TTie  intermetallic  compound  Mn5Ge3 
is  ferromagnetic  with  a  Curie  temperature  in  the  range  of 
27-47  °C.  Favorable  optical  properties  such  as  high  optical 
absorption  and  large  Kerr  rotation  might  be  expected  largely 
due  to  the  metallic  character  of  the  alloy  and  the  high  density 
of  ferromagnetically  aligned  Mn^^  and  Mn^"^  ions  present.^ 
Panissod  and  his  coworkers'*  have  studied  the 
MnsCGe,  _^Si;()3  ferroantiferromagnetic  transition  as  x 
changes  from  0  to  1.  They  reported  that  Si  can  be  substituted 
for  Ge  in  Mn5Ge3  over  the  whole  range  of  x  and  that  these 
alloys  are  isostructural  (OSg).  The  transition  is  from  ferro¬ 
magnetic  forx<0.85  to  antifenomagnetic  forx>0.85.  The 
aim  of  this  work  is  to  study  the  effects  of  heavy-element 
alloying  on  the  magnetic  properties  and  magnitude  of  the 
Kerr  rotation  (0j^).  We  report  on  the  prep'^ration  and  prop¬ 
erties  of  the  compounds  Mn5(Gei_jM_,)3  with  M=Sn,  Pb. 

II.  EXPERIMENTS 

Samples  were  prepared  from  99.995  at.  %  pure  Mn, 
99.99  at.  %  pure  Ge,  and  99.9999  at.  %  pure  Sn  or  99.999 
at.  %  pure  Pb.  Stoichiometric  amounts  were  alloyed  by  arc 
melting  in  an  argon  atmosphere.  In  order  to  obtain  homoge¬ 
neous  alloys,  each  sample  was  melted  four  to  five  times. 
Mass  losses  during  melting  totaled  about  2%  for 
Mns(Gei_^Sn_t)3  and  about  3%  for  Mn5(Ge|_;,Pb;()3.  The 
samples  were  then  annealed  in  vacuum  at  700  °C  for  10 
days. 

The  structure  of  the  samples  was  analyzed  by  x-ray  dif- 
fractometry.  Their  magnetization  and  coercivity  were  mea¬ 
sured  using  an  alternating  gradient  force  magnetometer 
(AGFM)  and  superconducting  quantum  interference  device 
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(SQUID).  The  Curie  temperatures  were  measured  by  both  a 
high-temperature  Faraday  balance  magnetometer  and  AGFM 
at  F=500  Oe.  The  Polar  Kerr  rotation  was  determined  by  a 
home-made  apparatus^  at  room  temperature  and  fields  up  to 
8kOe. 

III.  RESULTS  AND  DISCUSSION 
A.  Crystallographic  data 

Figure  1  shows  x-ray  diffrac  'on  measurements 
on  representatives  of  the  MusCGe,  _^Sn^)3  samples. 
Mn5(Geo,9oSno,io)3  [Fig-  1(a)]  is  found  to  have  a 
MnsSi3(/iP16)  type  structure,  as  does  MnsCGeo. 70800,30)3 
[Fig.  1(b)]  but  with  a  Ni2ln(/iP6)  structure  phase  also  be¬ 
ginning  to  appear.  The  Mn5(Geo,3oSno  70)3  sample  [Fig.  1(c)] 
shows  the  Ni2ln(/iP6)  structure.  Only  small  amounts  of  Mn 
oxides  show  up  in  the  x-ray  spectra.  It  has  also  been  found 
by  others  that  MnsGe?,  has  a  Mn5Si3  structure^  and  Mn5Sn3 
has  a  Ni2ln  structure.®  When  Sn  is  substituted  for  Ge  in 
MnsGe3  [i.e.,  Mn5(Gei  .,^80^)3]  it  can  be  expected  that  for 
small  X  the  compounds  will  maintain  the  Mn5Si3  structure 
and  that  for  large  x  the  compounds  should  form  the  Ni2ln 
structure.  In  the  middle  range  these  structures  could  be 
mixed  and  show  various  lattice  distortions.  Since  the  Sn 
atomic  diameter  is  larger  than  that  of  Ge,  when  Sn  is  substi¬ 
tuted  for  Ge  in  Mn5Ge3  the  lattice  parameter  of  the  crystal 
changes.  Table  I  gives  the  variations  in  the  lattice  parameters 
measured  in  our  samples. 

Figure  2  shows  x-ray  diffraction  measurements  on  some 
of  the  Mn5(Gei_^Pb^)3  samples.  We  find  that,  as  expected, 
Mn5(Geo.95Pbo,o5)3  [Fig.  2(a)]  has  the  Mn5Si3(/iP16)  struc¬ 
ture.  This  structure  type  becomes  unstable  at  x>0.3. 
Mn5(Geo,5oPbo,5o)3  [Fig.  2(b)]  shows  the  Ni3Sn  (hpS)  type 
structure,  which  is  predominant  for  this  composition. 
Mn5(Geo3oPbo.7o)3  [Fig.  2(c)]  mainly  shows  the  Ni3Sn  (hp8) 
type  structure  but  broad  peak  is  found  at  a  position  expected 
from  a  pure  tetragonal  Mn  phase.  We  also  note  that  for  x 
larger  than  0.5  the  desired  compounds  were  difficult  to  form. 
This  was  especially  noted  for  Mn5Pb3,  which  often  resulted 
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FIG.  1.  X-ray  diffraaion  patterns  for  several  compositions  of 
Mnj(Ge,-,Sn,)3:'  (a)  j(=0.1  with  the  MnjGes  (hPl6  Mn5Si})  spectrum 
labeled.  The  asterisks  denote  weak  peaks  attributed  to  Mn2Ge  (hP6  Nijin). 
(b)  .*=0.3.  The  spectrum  shows  peaks  for  both  MnsGcj  (hPl6  MnjSij)  and 
‘  Mn2Ge  {hP6  Ni2in),  with  the  former  being  dominant.  (c)j;=0.7  with  peaks 

for  Mn,,7Sn  (APS. 54  N^n)  labeled. 


FIG.  2.  X-ray  diffraction  patterns  for  several  compositions  of 
MnsiGei-jPb^t)};  (a)  ac=0.95  with  labels  corresponding  to  the  Mn5Ge3 
{hPl6  Mn5Si3)  spectrum.  Tlie  asterisks  denote  weak  peaks  attributed  to 
Mn2Ge  {hP6  N^n).  (b)  j:=0.5.  The  labels  correspond  to  the  Mn3Ge  {hP8 
Ni3Sn)  spectrum,  (c)  Jr=0.7  with  the  labeled  peaks  belonging  to  the  Mn2Ge 
(hP6  Ni2ln)  structure. 


in  a  fee  Pb  strueture  with  the  main  peak  from  the  /3-Mn 
speetrum  also  present.  Mn  has  a  smaller  atomie  diameter 
than  Pb  so  it  is  expeeted  that  Mn5Pb3  in  a  fee  phase  have  a 
smaller  lattiee  parameter  than  the  pure  fee  Pb  lattiee.  These 
effeets  of  alloy  substitutions  are  eonfirmed  by  our  experi- 

TABLE  I.  Stmctural  lattice  parameters  for  the  relevant  compositions  of 
Mn5(Gei-^Mj[)3  for  M=Sn,  Pb,  and  the  average  magnetic  moment  pet  Mn 
atom  at  7*=  S  K.  Data  are  only  shown  for  samples  from  which  it  could  be 
clearly  calculated. 


Composition 

Lattice  parameter 

Average  moment 
per  Mn  atom  (fig) 

a 

c 

Mn5Ge3 

7.193 

5.069 

2.52 

MnstGOfl  95800  05)3 

7.196 

4.990 

2.52 

MnslGeovoSoo  10)3 

7.176 

5.061 

2.23 

Mn5(Geo  g^Sno  15)3 

7.116 

4.978 

2.23 

Mn5(Geo  goSn^  20)3 

7.172 

5.036 

2.13 

Mn5Ge3 

i.m 

5.069 

2.52 

MdsCGco  9sPbo  05)3 

7.179 

5.048 

1.42 

Mn5(Geo9oPbo  10)3 

7.164 

5.055 

2.16 

Mn3(Geog5Pbo  15)3 

7.168 

5.039 

2.10 

Mn5(Geo  goFbo  20)3 

6.755 

5.212 

1.23 

MnsPbj 

4.955 

4.955 

0.01 

Pb 

4.963 

4.963 

0.00 
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mental  results.  As  shown  in  Table  1,  we  found  that  the  cubic 
lattice  parameter  a  changes  from  4.962  A  for  the  pure  Pb 
crystal  to  4.955  A  for  the  Mn5Pb3  alloy. 

B.  Magnetic  properties 

Figure  3(a)  shows  the  compositional  dependence  of  the 
magnetization  measured  at  r= 5  K  and  a  maximum  field  of 
50  kOe  with  a  SQUID  magnetometer.  The  Curie  tempera¬ 
tures  for  the  compounds  studied  are  shown  in  Fig.  3(b).  All 
of  the  Mn5(Gei_;tSn^)3  alloys  made  have  a  ferromagnetic 
transition  and  for  x^O.3  they  are  ferromagnetic  at  room 
temperature.  The  magnetization  at  7’=  5  K  first  generally  de¬ 
creases  with  increasing  x,  and  then  shows  a  slow  increase 
above  x=0.5.  The  coercivity  however  is  maximized  for 
x=0.5,  reaching  1.2  kOe  at  T=5  K.  The  Curie  temperature 
initially  remains  nearly  constant,  then  decreases  with  increas¬ 
ing  X  beyond  x=0.3,  reaching  a  minimum  at  x  =  0.5,  after 
which  it  increases  again  as  x  goes  to  1.0. 

It  can  be  seen  in  Table  I  that  as  x  increases,  both  the 
lattice  parameter  a  and  the  average  moment  per  Mn  atom 
generally  decrease.  This  is  understandable  since  the  hybrid¬ 
ization  of  Mn  3d  electronic  states  normally  increases  as  the 
interatomic  separation  becomes  smaller  as  given  by  the 
quantum  theory. 
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FIO.  3.  Magnetic  properties  verses  composition  for  Mn3(Oe,.,M,)j, 
M=Sn,  Pb;  (a)  SQUID  measurements  of  magnetization  at  T=5  K  and 
H=50  kOe.  (b)  Curie  temperature  measurements  from  Faraday  balance 
magnetometer  and  M  vsH  loops  with  fields  up  to  500  Oe.  (c)  Kerr  rotation 
measurements  at  room  temperature  and  fields  up  to  8  kOe.  The  curves  are 
only  meant  to  serve  as  a  reference  to  the  general  trends  noted.  The  various 
structure  regions  for  each  sample  set  are  also  shown  for  reference. 


The  Mn5(Gei_;,Pb^)3  alloys  are  fenomagnetic  at  room 
temperature  only  for  0.2.  The  magnetization  and  Curie 
temperature  show  a  minimum  at  a;=0.05,  for  reasons  that 
are  not  presently  clear.  When  a: >0. 1  both  of  these  properties 
decrease  as  x  increases.  The  explanation  is  the  same  as  given 
for  the  MnsCGei  -^80^)3  alloys  concerning  the  hybridization 
of  the  Mn  3d  states.  When  jt>0.3  the  Pb  substituted  alloys 
show  a  complex  magnetic  behavior.  For  example,  the 
Mn5(Geo.25Pbo.75)3  sample  measured  at  1=5  K  and  up  to 
H=50  kOe  has  a  small  (about  1.5  emu/g)  magnetization 
which  is  unsaturated,  and  a  coercivity  of  about  11  kOe,  white 
at  room  temperature  it  still  has  a  coercivity  of  about  2  kOe. 

C.  Magnet(K>ptic  properties 

Figure  3(c)  shows  the  relationship  of  the  magnitude  of 
the  Polar  Kerr  rotation  to  the  composition,  measured  at  room 


temperature  in  fields  up  to  8  kOe.  The  sign  of  the  rotation  is 
negative  for  all  of  the  samples  studied.  For  Mn5(Gei_;jPb;t)3, 
the  Kerr  rotation  monotonically  decreases  from  the  value  for 
the  parent  alloy  Mn5Ge3  with  increasing  a:.  In  agreement  with 
the  magnetization  at  room  temperature  with  an  applied  field 
of  8  kOe  the  Kerr  rotation  of  the  Sn  substituted  compounds 
increased  slightly  for  a: <0.15.  The  peak  value  of 
0jf=O.12°  at  a: =0.1  is  enhanced  above  what  would  be  ex¬ 
pected  from  a  direct  relationship  between  Ok  and  M.  Beyond 
this  peak  the  Kerr  rotation  drops  off,  going  to  zero  rapidly 
outside  the  single  phase  region  at  a: =0.25.  The  Ken  rotation 
values  below  a:  =  0.4  for  both  cases  was  measured  very  near 
the  Curie  temperature  in  both  series  of  samples  which  would 
adversely  affect  the  magnitude  of  the  rotation  due  to  de¬ 
creased  magnetic  magnetizations.  However,  the  Polar  Kerr 
rotation  is  an  intrinsic  quantity  that  depends  on  factors  such 
as  composition,  crystal  structure,  and  electronic  stmeture.  It 
is  interesting  that  there  is  an  enhanced  maximum  in  0/^  for 
the  Sn  case  that  apparently  occurs  within  a  single  phase  re¬ 
gion.  Presumably  this  reflects  subtle  changes  in  the  elec¬ 
tronic  structure.  This  indicates  the  need  for  at  least  a  spin- 
polarized  calculation  on  the  parent  Mn5Ge3  compound. 

iV.  CONCLUSION 

The  magnetic  and  magneto-optical  properties  strongly 
depend  on  the  alloy  structure.  Our  Mn5(Gei  -^Pb^)3  samples 
showed  the  Mn5Si3  structure  and  were  ferromagnetic  for 
AC ^0.3,  exhibiting  complex  magnetic  behavior  for  ac> 0.3. 
All  of  the  Mn5(Gei_;tSn^)3  alloys  were  also  ferromagnetic, 
but  the  low-temperature  magnetization  showed  a  minimum 
value  at  a:  =  0.5.  Only  the  substitution  of  Sn  for  Ge  in 
Mn5Ge3  allowed  the  alloy  to  both  keep  the  Mn5Si3  structure 
and  increase  the  Kerr  rotation. 

In  general  the  presence  of  heavy  elements  is  necessary 
for  large  spin-orbit  interactions,  which  can  aid  in  producing  a 
large  Kerr  effect;  in  the  case  of  these  compounds  there  is  a 
compensating  effect  on  alloying  with  Sn  or  Pb  that  reduces 
the  strength  of  the  magnetic  coupling,  as  evidenced  by  a 
reduction  in  Af,  and  .  Thus,  in  these  compounds,  any  ten¬ 
dency  for  Kerr-effect  enhancement  is  overwhelmed  by  the 
destruction  of  the  ordered  magnetic  state. 
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Magnetic  and  optical  characteristics  of  bilayered  films  composed 
of  Tb-Fe-Co  layer  with  overlayers  of  Co-Cr,  Ni-Fe,  Ta,  and  C 

Kibong  Song  and  Masahiko  Naoe 

Department  of  Physical  Electronics,  Tokyo  Institute  of  Technology,  2-12-1,  0-okayama,  Meguro-ku, 

Tokyo  152,  Japan 

Amorphous  Tb-Fe-Co  single  layers  and  Tb-Fe-Co/M  (M:  Ta,  C,  Cog2Crig,  NigjFejg)  bilayers  have 
been  prepared  by  using  a  facing  targets  sputtering  apparatus.  The  Tb-Fe-Co  films  deposited  by  Kr 
sputtering  exhibited  internal  stress  as  low  as  IXlO’  dyn/cm^  even  at  a  pressure  as  low  as  0.2  mTorr. 
The  Tb-Fe-Co/Ta  bilayers  showed  a  Ken  rotation  angle  as  large  as  0.85®  at  the  thickness  of 
Tb-Fe-Co  layer  of  about  30  nm.  The  direction  of  magnetic  moments  in  Tb-Fe-Co  layers  were 
arranged  antiparallel  by  a  soft  magnetic  NigiFej9  overlayer. 


I.  INTRODUCTION 

Amorphous  Tb-Fe-Co  layers  have  been  prepared  in 
working  gas  such  as  Ne,  Ar,  Kr,  and  Xe  by  using  a  facing 
targets  sputtering  (FTS)  apparatus.*  The  interfacial  effects  in 
the  Tb-Fe-Co/M  bilayers  with  various  overlayer  M  have  also 
been  investigated.  The  four  kinds  of  materials  used  as  over¬ 
layer  were  paramagnetic  Ta  with  metallic  reflectivity,  dia¬ 
magnetic  C  with  nonmetallic  absorbability,  and  ferromag¬ 
netic  Cog2Crig,  and  NigiFei9.  The  overlayers  seemed  to  be 
very  interesting  for  enhancing  the  Kerr  effect  because  73Ta 
possesses  a  magnetic  susceptibility  Xm  while 

75Pt  has  a  Xm  of  190  in  Co/Pt  multilayers  for  magneto-optical 
media.  It  is  well  known  that  Cog2Cr,g  films  are  semihard 
magnetic  and  exhibited  large  perpendicular  magnetic  anisot¬ 
ropy  energy,^  and  that  Ni8iFei9  films  are  very  soft  magnetic, 
exhibited  very  high  permeability  and  low  coercivity  and  re¬ 
vealed  apparent  in-plane  orientation  of  magnetic  moment.^ 

II.  EXPERIMENTS 

Specimen  films  of  amorphous  Tb-Fe-Co  single  layers 
and  Tb-Fe-Co/M  bilayers  were  deposited  on  glass  slide  sub¬ 
strates  by  using  a  FTS  apparatus,  as  described  in  a  previous 
article.'  The  sputtering  chamber  was  provided  with  two  pairs 
of  rectangular  facing  targets  and  rotatable  substrate  holder, 
so  that  the  bilayers  could  be  deposited  successively  without 
breaking  the  vacuum.  The  size  of  the  target  plates  was  160 
X 100  mm^. 

The  residual  gas  pressure  was  less  than  4X10”’  Torr 
before  sputtering.  The  Tb-Fe-Co  layers  with  thickness  r^o  of 
100  nm  were  deposited  at  the  working  gas  pressure  of 
0.1~10  mTorr,  and  Tb-Fe-Co/M  bilayers  were  deposited  at 
the  Ar  pressure  of  0.5  mTorr.  Interna!  stress  of  specimen 
films  was  measured  by  the  bendii.g-beam  method  reviewed 
by  Blackburn  and  Campbell.'*  Magnetic  properties  were  mea¬ 
sured  by  using  a  vibrating  sample  magnetometer  (VSM).  The 
Kerr  rotation  angle  %  and  the  coercivity  were  deter¬ 
mined  on  the  Kerr  hysteresis  loops  observed  from  the  sub¬ 
strate  side  at  the  wavelength  of  633  nm. 

III.  RESULT  AND  DISCUSSION 

Figure  1  shows  the  dependence  of  the  deposition  rate 
of  'fb-Fe-Co  films  on  the  atomic  weight  and  radius  r/^  of 
the  working  gas  at  the  pressure  of  0.5  mTorr.  This  depen¬ 


dence  indicated  that  Ar  and  Kr  should  be  best  for  among 
all  working  gases  at  the  pressure  of  0.5  mTorr. 

Figure  2  shows  the  dependence  of  the  absolute  value  of 
compressive  internal  stress  lrri|  in  Tb-Fe-Co  films  with  thick¬ 
ness  of  100  nm  on  the  working  gas  pressure  Fv^g.  The  films 
deposited  at  lower  of  lighter  gases  such  as  Ne  and  Ar 
exhibited  larger  |(ri|  because  of  the  larger  number  and  higher 
energy  of  recoiled  Ne  and  Ar  atoms.^  On  the  contrary,  the 
films  deposited  at  lower  F„g  of  Kr  exhibited  smaller  IcrJ 
because  of  the  smaller  number  and  lower  energy  of  recoiled 
Kr  atoms.  So,  the  adatoms  with  high  kinetic  energy  at  lower 
P^vg  of  Kr  may  cause  to  form  a  uniform  and  poreless  film  and 
it  resulted  to  the  reduction  of  |o-,|.  However,  the  films  depos¬ 
ited  at  higher  P„g  of  Kr  exhibited  larger  |o-|l  because  of  the 
energy  loss  due  to  collision  of  sputtered  atoms  with  heavy  Kr 
atoms.  The  heaviest  and  largest  Xe  gas  could  scatter  the  sput¬ 
tered  atoms  severely  and  caused  larger  |(ri|  over  all  the  range 
of  Pwg  in  this  study. 

The  minimum  value  of  |(7-||  was  obtained  by  Kr  sputter¬ 
ing  at  Pv,,g  of  0.2  mTon;  however,  the  deposition  of  bilayers 
at  Pwg  of  0.5  mTorr  seemed  to  be  acceptable  for  the  stability 
and  ability  of  the  power  supply.  The  films  deposited  at  this 
Pwg  of  Ar  and  Kr  gases  exhibited  almost  the  same  |(ri|. 
Therefore,  Ar  was  used  as  the  working  gas  for  depositing 
bilayers  in  this  study. 


rAlA] 


FIG.  1.  Dependence  of  deposition  rate  of  Tb-Fe-Co  layers  on  the  atomic 
weight  Wn  and  radius  of  the  working  gas. 
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FIG.  2.  Dependence  of  the  absolute  value  of  compressive  internal  stress  |(r|| 
on  working  gas  pressure  in  Tb-Fe-Co  layers  with  a  thickness  of  100  nm. 


Figure  3  shows  the  dependence  of  |<ri|  in  Tb-Fe-Co/M 
bilayers  on  the  thickness  of  magneto-optical  Tb-Fe-Co  layers 
/mo  fo/  a  100  n™  thickness  of  M  layers  .  The  materials  of 
the  M  layer  used  as  an  overlayer  were  paramagnetic,  metal¬ 
lic,  and  reflective  Ta,  diamagnetic,  nonmetallic,  and  absorb¬ 
able  C,  and  ferromagnetic  Co82Cr,8  and  Ni8iFei9.  Bilayers 
with  an  overlayer  of  Ta,  C,  and  Co82Cri8  exhibited  targe  |ori| 
at  small  /mq,  and  it  decreased  with  increasing  /mo  while 
bilayers  with  a  NisjFejg  overlayer  exhibited  extremely  small 

kil- 

Figure  4  shows  the  magnetic  hysteresis  loops  of  (a)  Tb- 
Fe-Co  (30  nm),  Tb-Fe-Co  (30  nm)/Ta  (100  nm),  Tb-Fe-Co 
(30  nm)/C  (100  nm);  (b)  Co82Cri8  (100  nm);  (c)  Tb-Fe-Co 
(30  nm)/C082Crig  (100  nm);  (d)  N^iFejg  (100  nm);  and  (e) 
Tb-Fe-Co  (30  nm)/Ni8iFei9  (100  nm),  where  (1)  and  the 
solid  line  represent  the  hysteresis  loop  observed  for  fields 
applied  in  the  direction  perpendicular  to  layer  plane,  and  (||) 
and  the  dashed  line  represent  the  in-plane  loop.  The  loop 
shapes  of  the  Tb-Fe-Co  single  layers  and  bilayers  with  para¬ 
magnetic  Ta  and  diamagnetic  C  overlayers  were  almost  the 
same. 

The  Tb-Fe-Co/Co82Cri8  bilayer  showed  a  shared  rectan¬ 
gular  perpendicular  hysteresis  loop  with  the  coercivity  f/<. 
almost  same  as  that  of  the  Tb-Fe-Co  single  layer,  where  the 
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FIG.  3.  Dependence  of  |(ri|  on  «mo  for  Tb-Fe-Co/M  bilayers,  where  M  is  Ta, 
C,  CogjCrig,  and  Ni8,Fe,9  layers  with  thickness  of  100  nm. 
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(b)  Co-Cr  (100  nm)  (c)  Tb-Fe-Co(30)/Co-Cr(100  nm) 


(d)  Ni-Fe  (100  nm)  (e)  Tb-Fe-Co(30)/Ni-Fe(100  nm) 


FIG.  4.  Magnetic  hysteresis  loops  of  Tb-Fe-Co  (30  nm)/M  bilayers  mea¬ 
sured  in  directions  normal  (1)  and  parallel  (||)  to  the  layer. 

side  of  the  loop  was  slightly  sloped,  and  the  in-plane  hyster¬ 
esis  loop  with  higher  //<.  than  those  of  Co82Cr,8  and  Tb- 
Fe-Co  layers. 

The  Tb-Fe-Co/Ni8iFei9  bilayer  showed  a  shaped  perpen¬ 
dicular  hysteresis  loop  the  same  as  that  of  the 
Tb-Fe-Co/Co82Crj8  bilayer,  but  /f^.  was  much  lower  than  that 
of  the  Tb-Fe-Co  single  layer,  owing  to  the  large  in-plane 
magnetization  of  the  Ni8iFe]9  layer.  The  arrangement  of 
magnetic  moment  in  Tb-Fe-Co  layers  was  almost  antiparal¬ 
lel.  The  in-plane  hysteresis  loop  looked  almost  the  same  as 
that  of  the  Ni8iFei9  single  layer. 

Figure  5  shows  the  dependence  of  Kerr  rotation  angle 
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FIG.  5.  Dependence  of  ff/i  on  r^o  and  Kerr  hysteresis  loops  for  Tb-Fe-Co/M 
(M:  100  nm  lb  and  C)  bilayers  at  a  wavelength  \  of  633  nm. 
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FIG.  6.  Dependence  of  0^  on  r^o  and  Kerr  hysteresis  loops  for  Tb-Fe-Co/M 
(M:  100  nm  ComCtu,  and  NigiFci,)  bilayers  at  \  of  633  nm. 

strate  side  at  X  of  633  nm.  6^  of  these  bilayers  took  a  maxi¬ 
mum  of  0.6°  and  0.04°  at  /mo  of  about  30  nm.  ITie  Kerr 
hysteresis  loops  of  bilayers  with  semihard  magnetic  CogjCrig 
overlayers  with  /mo  more  than  25  nm  revealed  rectangular 
loop  shape.  The  loop  shape  became  similar  to  that  of 
Cog2Crig  layers  with  decrease  of  /mo  • 

On  the  contrary,  the  shape  of  Kerr  hysteresis  loops  of 
bilayers  with  soft  magnetic  NigiFei9  overlayers  was  differ¬ 
ent.  The  shared  rectangular  loop  was  reduced  about  a  factor 


of  10,  by  means  of  the  antiparallel  arrangement  of  magnetic 
moments  in  Tb-Fe-Co  layers.  About  90%  of  the  magnetic 
moments  were  arranged  antiparallel  by  means  of  large  in¬ 
plane  magnetic  moments  of  NigiFej,  layers.  If  the  domain 
size  of  this  bilayer  is  larger  than  the  wavelength  of  the  re¬ 
cording  light,  then  this  bilayer  could  be  useful  for  very  stable 
magneto-optical  media,  by  means  of  a  horseshoelike  mag¬ 
netic  path. 

iV.  CONCLUSIONS 

Amorphous  Tb-Fe-Co  single  layers  and  Tb-Fe-Co/M 
(M:  Tb,  C,  Cog2Crjg,  NigiFei9)  bilayers  have  been  prepared 
by  using  a  facing  targets  sputtering  apparatus.  Results  are  as 
follows:  (i)  Tb-Fe-Co  films  deposited  with  Kr  sputtering  re¬ 
vealed  internal  stress  as  low  as  IX 10®  dyn/cm^  even  at  a  Kr 
pressure  as  low  as  0.2  mTorr;  (ii)  Tb-Fe-Co/Ta  bilayers  ex¬ 
hibited  a  Kerr  rotation  angle  as  large  as  0.85°  at  a  thick¬ 
ness  of  Tb-Fe-Co  layer  of  about  30  nm;  (iii)  the  direction  of 
magnetic  moments  in  Tb-Fe-Co  layers  were  arranged  anti¬ 
parallel  by  a  soft  magnetic  NigiFe,9  overlayer. 
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Change  of  magneto-optical  Kerr  rotation  due  to  interlayer  thickness 
in  magnetically  coupled  films  with  noble-metal  wedge 

T.  Katayama,  Y.  Suzuki  M.  Hayashi,**’  and  W.  Geerts 

Electrotechnical  Laboratory,  Umezono,  Tsukuba,  Ibaraki  305,  Japan 

An  intensity  oscillation  of  the  saturation  polar  Kerr  rotation  <I)k  due  to  interlayer  thickness  d  was 
observed  in  Fe(5  A)/Au(d  A)/Fe(5  A)(100)  and  Fe(6  A)/Au(d  A)/Fe(6  A)(100)  sandwiched  films. 

The  periods  of  the  oscillation  are  about  7-8  and  5-6  monolayers  of  Au  thickness,  respectively.  The 
oscillation  of  can  be  observed  only  in  the  photon  energy  range  2.5-3.8  eV  for  Fe(6  A)/Au(d 
A)Fe(6  A).  These  phenomena  are  considered  to  be  closely  related  to  a  formation  of  spin-polarized 
quantum-well  states  of  the  minority  Aj  band  in  the  Au  layer  sandwiched  with  two  Fe  barrier  layers. 

The  <t>K  peak  positions  and  oscillation  period  do  not  correspond  exactly  to  those  of  the  change  in  the 
in-plane  saturation  field  . 


I.  INTRODUCTION 

Special  attention  has  been  focused  on  3rf-metal/noble- 
metal  multilayers  because  they  have  a  novel  potential 
as  materials  for  magneto-optical  recording  and  giant 
magnetoresistance.’"^  In  general,  it  has  been  expected  that 
ultrathin  films  show  a  different  electronic  structure  from  that 
of  bulk  materials.^  The  magneto-optical  effect  is  very  sensi¬ 
tive  to  changes  of  the  electronic  structure  of  the  material. 
Bennett  et  al.  reported  a  Kerr  rotation  oscillation  with  Cu 
interlayer  thickness  d  in  Fe/Cu(d  A)/Fe  sandwiched  films.'* 
Since  their  measurements  were  performed  at  only  one  wave¬ 
length,  it  provided  little  information  about  the  electronic 
structures. 

Recently,  we  have  found  a  new  magneto-optical  transi¬ 
tion  due  to  the  formation  of  quantum-well  states  in  the  ultra- 
thin  film  of  Fe  deposited  on  a  Au(lOO)  surface.^  The  new 
peak  appears  in  the  Fe  layer  thickness  range  between  2  and 
10  A  and  shifts  from  about  3  to  4.3  eV  with  increasing  Fe 
layer  thickness.  We  have  also  found  an  intensity  oscillation 
of  the  saturation  magneto-optical  polar  Kerr  rotation  0,^  due 
to  the  interlayer  thickness  d  in  Fe/Au(<f  A)/Fe  snadwiched 
films.*’  This  can  be  explained  by  the  formation  of  quantum- 
well  states  (QWS)  in  the  noble-metal  layer.  This  is  in  agree¬ 
ment  with  the  results  as  found  by  Ortega  etal?'^  In  this 
article  we  present  the  results  for  Fe  sandwiched  Au  samples 
and  report  on  the  behavior  of  polar  Kerr  rotation  and 
saturation  field  as  a  function  of  the  film  thickness. 

II.  EXPERIMENTAL  PROCEDURES 

All  the  sandwiched  films  with  Au  wedge-shaped  inter¬ 
layers  were  deposited  by  molecular-beam-epitaxy  (MBE) 
method  using  two  electron-gun  sources  for  Fe  and  Au  and  a 
Knudsen  cell  for  Ag.  The  MBE  chamber  was  maintained  in 
the  range  of  10”‘°  Torr  during  deposition.  In  order  to  make  a 
good  Iper-by-layer  growth  of  the  Fe  layer,  Au  seed  layers  of 
4  or  10  A  were  deposited  for  the  Fe/Au/Fe(100)  films.  On 
the  top  of  the  multilayer,  a  20-A-thick  Au  cap  layer  was 


'*Al!>o  with:  National  Institute  for  Advanced  Interdisciplinary  Research,  Hi¬ 
gashi,  Tsukuba,  Ibaraki  305,  Japan. 

'’’Also  with  Department  of  Science  and  Technology,  Nihon  University,  Fun- 
abashi,  Chiba  274,  Japan. 


deposited  to  prevent  oxidation  (see  Fig.  1).  The  wedge- 
shaped  Au  layers  were  formed  by  means  of  a  moving  shutter 
method. 

The  thicknesses  of  Fe  and  Au  films  were  measured  and 
controlled  by  a  quartz  thickness  monitor  (IC-6000)  combined 
with  a  shutter  system.  The  growth  modes  and  flatness  of  the 
films  were  monitored  by  observation  of  the  high-energy  elec¬ 
tron  diffraction  (RHEED)  patterns,  and  Kerr  ellipticity 
%  spectra  were  measured  ex  situ  with  a  Kerr  spectrometer 
using  a  piezo  birefringent  modulator  in  the  photon  energy 
range  from  1.55  to  0.2  eV  at  RT.  The  incident  angle  of  light 
was  about  10°  normal  to  the  sample  plane.  The  in-plane  satu¬ 
ration  field  //j  was  measured  by  the  longitudinal  magneto¬ 
optical  Kerr  effect  (MOKE)  method. 

Hi.  RESULTS 

In  Fig.  2  the  and  spectra  of  the  Fe(5  A)/Au(23 
A)/Fe(5  A)  film  are  shown.  A  negative  large  <i>K  peak  is 
observed  al  about  3.8  eV.  This  peak  is  due  to  the  plasma 
resonance  in  the  Ag  buffer  layer.  The  Au  interlayer  thickness 
d  dependence  of  (f>K  at  each  energy  was  derived  from  the 
measured  (f)^  data. 

Figure  3  shows  the  d  dependence  of  at  3.5  eV  in 
Fe(5  A)/Au(d  A)/Fe(5  A)  film,  in  vertical  axis  shows 
a  (f>K  value  per  Fe(l  A),  normalized  by  the  total  Fe  thickness 
(10  A)  The  dashed  line  is  a  guiding  base  line  for  the  eye.  As 
shown  in  the  figure,  the  large  negative  4>f'  peaks  are  observed 
at  around  d=4,  20,  and  36  A  and  its  oscillation  period  is 


FIG.  1.  Schematic  drawings  of  cross  section  of  the  Fe/Au(d  A)/Fe  sand¬ 
wiched  films.  A  cleaved  MgO(lOO)  surface  is  used  as  a  substrate. 
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FIG.  2.  The  spectra  of  mameto-optical  Kerr  rotation  4k  Kerr  ellipticity 
%  in  the  Fe(5  A)/Au(23  A)/Fe(5  A)  sandwiched  film. 


about  7-8  monolayers  (ML).  In  Fig.  4,  the  d  dependence  of 
<f)^  at  3.5  eV  in  the  Fe(6  A)/Au(d  A)/Fe(6  A)  film  is  shown. 
An  oscillation  of  is  also  observed  and  its  period  is  about 
5-6  ML.  The  (t>K  oscillations  could  be  only  observed  in  the 
photon  energy  range  2.5-3.8  eV. 

The  oscillation  period  A  in  Fig.  3  is  clearly  larger  than 
that  of  Fig.  4.  As  to  the  difference  of  A,  it  is  found  that  the  A 
are  about  7-8  ML  (or  Fe(3  A)/Au(<f  A)/Fe(3  A)  and  5-6  ML 
for  Fe(9  A)/Au(d  ;A)/Fe(9  A)  films,  respectively.  So,  it  is 
considered  that  th^  A  changes  at  near  Fe=5  A  from  about 
7-8  to  5-6  ML  with  increasing  Fe  thickness.  This  suggests 
that  the  period  A  is  probably  influenced  considerably  by  a 
perfection  of  Fe  barrier  layer  made  with  a  band  gap  in  Dj . 

Figures  5(a)  .jnd  5(b)  show  the  d  dependence  of  H,  in 
two  kinds  of  Fe/Au(<i  A)/Fe  films.  The  behaviors  of  //,  in 
two  figures  are  quite  similar;  that  is,  two  large  H,  peaks  are 
observed  around  |il  and  26  A  and  a  small  one  is  near  39  A. 
The  distance  of  |  the  two  peaks  is  about  2  ML  which  is 
thought  to  corresfpond  to  short  oscillation  of  the  oscillatory 
magnetic  couplii(g. 


•( 


Au  thickness  [A] 


FIG.  3.  The  An  interlayer  thickness  d  dependence  of  (pK  at  3.5  eV  in  the 
Fe(5  A)/Au((/  A)/Fe(5  A)  sandwiched  film.  The  vertical  axis  shows  a  4k  psf 
Fe  1  A  {4K/‘l?e)’  normalized  by  the  total  Fe  thickness  (10  A). 


FIG.  4.  The  Au  interlayer  thickness  d  dependence  of  4k  at  3.5  eV  in  the 
Fe(6  A)/Au(4  A)/Fe(6  A)  sandwiched  film. 

iV.  DISCUSSIONS 

As  mentioned  above,  an  oscillation  of  as  a  function 
of  d  is  observed  in  the  Fe/Au(d  A)/Fe  sandwiched  films  at 
various  energies.  Their  oscillation  amplitude  and  period  A 
are  very  sensitive  to  the  measuring  energy.  Ortega  etal. 
found  a  quantum-well  state  (QWS)  in  ultrathin  noble-metal 
layers  such  as  Ag,  Au,  and  Cu  grown  on  Fe  and  Co  by  using 
an  inverse  photoemission  spectroscopy  (IPES)  method.^’* 
When  the  energy  was  fixed,  for  example  at  Fermi  energy  E p , 
th  IPES  intensities  oscillated  with  a  period  of  about  8  ML.’’® 

In  Fig.  6  a  schematic  drawing  of  the  bulk  band  structures 
of  bcc  Fe  and  fee  Au  near  Ep  along  the  film  normal  is 
shown.’’’®  Due  to  presence  of  an  energy  gap  between  upper 
and  lower  branches  of  the  Aj  minority  band  in  Fe  (shown  by 
dotted  curves),  discrete  QWS  are  formed  only  in  the 
minority-spin  state  of  the  A]  band  of  Au.  The  majority-spin 
state  band  in  the  Au  is  not  influenced. 

The  QWS  with  different  integers  should  cross  the  Ep 
one  after  another  along  the  Aj  band  energy  dispersion  with 
increasing  Au  thickness.  Therefore,  if  the  spin-polarized 


Au  Thickness  d  [A] 


FIG.  5.  The  Au  interlayer  thickness  d  dependence  of  the  in-plane  saturation 
field  //,  in  (a)  Fe(5  A)/Au(d  A)/Fe(5  A)  and  (b)  Fe(9  A)/Au((/  A)/Fc(9  A) 
sandwiched  films. 


J.  Appl.  Phys.,  Vol,  75.  No.  10, 15  May  1994 


Katayama  et  al.  6361 


FIG.  6.  A  schematic  drawing  of  the  band  structure  of  bulk  bcc  Fe  and  Au 
near  the  Fermi  energy  along  the  film  normal. 


QWS  in  noble  metals  behave  as  a  final  state  of  optical  tran¬ 
sition,  a  new  magneto-optical  (MO)  transition  will  occur  and 
MO  intensities  will  oscillate  periodically  as  QWS  cross  the 
Ep.  It  is  considered  that  an  optical  transition  from  the 
minority-spin  A5  band  to  the  A,  spin-polarized  QWS  in  the 
Au  is  a  possible  mechanism  of  the  new  MO  transition.  As¬ 
suming  such  a  QWS  model,  the  most  reasonable  energy 
range,  in  which  the  MO  transitions  occur,  is  above  the 
plasma  edge  of  the  Au.  However,  as  mentioned  in  a  previous 
article,®  since  the  energy  range  in  which  the  (f>K  oscillation 
has  been  observed  is  rather  wide  (Ag  case),  another  mecha¬ 
nism  might  be  responsible  for  the  MO  effect. 

Concerning  the  relation  between  IPES  oscillation  Aq, 
Ortega  et  al}^  have  reported  that  AqaXEp  is  in  good  agree¬ 
ment  with  A//  in  the  Co/Cu(d  A)/Co  system,  but,  as  shown 
here,  the  peak  positions  and  its  period  did  not  corre¬ 


spond  exactly  to  that  of  in  Fe/Au(d  A)/Fe  films.  It  is 
considered  that  behaviors  of  the  oscillations  as  a  function 
of  d  are  more  complicated  than  that  of  because  (fi^  phe¬ 
nomena  are  related  to  the  electronic  structures  above  Ep. 
Detailed  studies  are  necessary  on  the  relation  between  the 
oscillations  of  and  <^x- 

V.  CONCLUSION 

We  reported  on  <f>j(  spectra  and  its  oscillation  due  to  d  in 
Fe/Au(d  A)/Fe  sandwiched  films.  As  a  result,  the  oscil¬ 
lation  as  a  function  of  d  was  observed  between  about  2.5  and 
3.8  eV  for  Fe/Au(d  A)/Fe  sandwiched  filmf.  The  oscillation 
periods  are  about  8  ML  for  less  than  5  A  of  Fe  and  6  ML  for 
more  than  6  A  of  Fe  barriers.  The  oscillation  is  thought  to  be 
closely  related  with  the  formation  of  QWS  in  the  Aj 
minority-spin  band  in  Au  layers.  The  <l>i(  peak  positions  and 
period,  however,  did  not  correspond  to  that  of  the  oscillatory 
magnetic  coupling. 
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Chemical  modification  of  magneto-optic  garnet  film  properties 
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Single-crystal  magneto-optic  garnet  films  of  composition  (BiTm)3(FeGa)50i2  have  applications  to 
spatial  light  modulators,  optical  isolators,  and  magnetic-field  sensors.  These  as-grown  films  have  a 
coercivity  under  1  Oe  and  can  support  cm-size  stable  domains.  It  has  been  found  that  chemical 
treatments  with  oxidizing  or  reducing  gases  can  reversibly  modify  the  magnetic  properties. 
Treatments  are  performed  at  400-700  °C  for  fixed  times.  Reducing  treatments  dilate  the  x-ray 
lattice  constant  up  to  0.1%,  introduce  Fe^"*^  monitored  by  increased  optical  absorption  at  1.00-1.06 
fim  and  decrease  Faraday  rotation  about  5%  over  the  visible  spectrum.  Oxidation  can  partially  or 
totally  reverse  these  parameters.  Magnetic  measurements  on  the  bulk  film  show  that  coercivity  can 
be  finely  controlled,  square  hysteresis  loops  attained,  and  domain-wall  mobility  changed.  At  the 
same  time  the  initial  perpendicular  anisotropy  Hi^  of  8-12  kOe  is  decreased  while  the  saturation 
magnetization  of  100-150  G  is  affected  to  a  minor  degree.  For  magneto-optic  imaging  of 

defects,  the  resolution,  contrast,  and  device  operation  are  assisted  favorably.  Magnetic 
measurements  are  presented  as  a  function  of  specific  chemical  treatment.  The  data  suggest  that  an 
oxygen  vacancy  mechanism  is  operative  at  the  film  surface  layers. 


I.  INTRODUCTION 

Single-crystal  magneto-optic  bismuth  garnet  films  have 
applications  to  modulators,  optical  isolators,  microwave  de¬ 
vices,  and  sensors.  The  high  perfection  of  these  films  nor¬ 
mally  leads  to  a  low  (<0.5  Oe)  as-grown  coercivity  He . 
Various  physical  methods  have  been  used  to  introduce  con¬ 
trolled  numbers,  sizes,  and  distributions  of  defects.*’^  These 
irreversible  modifications  serve  to  increase  coercivity,  gener¬ 
ate  a  nearly  square  hysteresis  loop,  and  offer  favorable  ef¬ 
fects  in  switching  devices.  In  this  article  we  examine  chemi¬ 
cal  treatments  in  reducing  atmospheres  such  as  H2  to  attain 
reversible  results  over  large  areas  in  3-in.-diam  films. 

Small  changes  of  1-5  Oe  in  dynamic  He  were  measured 
by  Metselaar  and  Huyberts  in  YIG  single  crystals  and 
polycrystals.^  The  likely  defects  were  oxygen  vacancies.  Lot- 
gering  investigated  permeability  fi  changes  in  Co-  or  Si- 
doped  YIG  polycrystals  and  developed  a  model  of  domain- 
wall  pinning  by  anisotropic  ions.'*  Dixon  and  Kurtzig 
reported  changes  in  ^ttM^  with  H2  treatments  of  bubble 
films.^  Milan!  and  Paroli  studied  specifically  the  H2  diffusion 
in  bulk  YIG  and  films  but  only  reported  the  optical 
properties.®  A  later  paper  by  Balestrino,  Lagomarsima,  and 
'Ricciarone  described  x-ray  lattice  constant  expansions  and 
contractions  with  H2-annealed  YIG  films.^  A  more  recent  ef¬ 
fort  by  Kappelt  et  al.  measured  optical  anisotropy  changes  in 
epigrown  films  with  alternating  H2  and  O2  treatments.®  Since 
a  comprehensive  study  of  magnetization  changes  in  our  films 
was  lacking,  we  concentrated  on  this  aspect.  Our  investiga¬ 
tions  were  motivated  also  by  the  fact  that  the  chosen  film 
compositions  were  capable  of  supporting  large  stable  mag¬ 
netic  domains  instead  of  the  normal  stripes.^  These  films  are 
valuable  for  magneto-optic  imaging  of  fields  generated 
around  defects  by  eddy  currents.*® 

II.  EXPERIMENT 

The  film  compositions  used  in  our  experiments  were  pre¬ 
pared  by  liquid-phase  epitaxy  and  described  thoroughly** 
along  with  various  physical  properties^  in  the  as-grown  con¬ 


dition.  In  order  to  simplify  any  measurements,  a  single  3  /um 
layer  of  film  on  (111)  GGG  was  used.  This  was  obtained 
normally  by  growth  on  a  wafer  which  touched  the  melt  sur¬ 
face.  These  films  were  identical  to  those  grown  by  total  im¬ 
mersion  and  deposited  on  both  sides  of  the  substrate.  X-ray 
data  were  obtained  with  a  Picker  diffractometer  by  examin¬ 
ing  (888)  order  reflections  and  measuring  lattice  constants 
with  Cu  Kay  radiation.  Anisotropy  fields  were  measured  by 
a  magneto-optic  transverse  susceptibility  measurement  on  a 
complete  wafer.*^  The  magnetization,  coercivity,  and  hyster¬ 
esis  curves  were  recorded  on  a  Princeton  Measurements 
Corp.  Micro  Mag  2900  alternating  gradient  magnetometer. 
Samples  for  this  purpose  were  15-20  mm^  rectangles  cut 
from  large  wafers.  Data  were  collected  with  magnetic  fields 
up  to  10  kOe  both  perpendicular  and  parallel  to  the  film 
plane.  The  former  showed  open  loops  while  the  latter 
showed  only  a  line. 

Optical  absorption  a  of  our  films  was  measured  on  a 
Cary  model  14  spectrophotometer.  An  evaluation  of  the  Fe^^ 
absorption  was  obtained  by  measuring  a  at  1.03  /tm  on  un¬ 
treated  and  treated  films  of  identical  thicknesses.  The  rela¬ 
tionship  of  Fe^^  and  optical  absorption  has  been  discussed 
previously.*®'*^  An  estimate  of  OH  absorption  was  deter¬ 
mined  by  measurements  at  2.81  with  a  Nicolet  model 
20DXB  Fourier  transform  infrared  (FTIR)  spectrometer.  The 
Faraday  rotation  was  measured  with  a  polarizing  microscope 
using  a  coil  to  generate  a  saturation  magnetic  field  normal  to 
the  film  plane. 

Full  wafer  samples  or  portions  thereof  were  treated  in 
reducing  atmospheres  with  forming  gas  (85%  N2-15%  H2) 
and  in  oxidizing  atmospheres  by  means  of  an  oxygen  ozone 
mixture  (99  O2-I  O3).*®  The  samples  were  placed  in  a  Ther- 
mco  tube  furnace  for  specified  temperatures  and  times.  Flow 
rates  of  gas  were  adjusted  to  maintain  sample  temperature 
and  insure  uniform  treatment  over  the  film  area.  Visually  the 
samples  showed  no  appearance  of  added  defects  in  the  film 
when  examined  under  a  microscope. 
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FIG.  1.  Faraday  rotation  and  transmission  as  a  function  of  wavelength.  A  is 
a  starting  film,  B,  C,  and  D  were  Hj  treated  for  6  min  at  470  °C  and  then 
annealed  in  O2-O3  gas  mixture  for  4,  9,  and  14  min,  respectively  at  580  °C. 


tion  changes  as  one  performs  the  hydrogen  treatment  on  an 
as-grown  film.  This  indicates  that  the  Bi^^-Fe^'*'  interaction, 
which  is  responsible  for  Faraday  rotation,  has  been  changed 
drastically. 

The  optical  absorption  in  the  visible  range  showed  no 
discernible  changes  with  reducing  treatments  even  though 
the  films  were  slightly  darker.  However,  an  accurate  mea¬ 
surement  of  absorption  coefficients  in  the  1.00-1.06  /tm 
range  showed  that  increases  of  a  by  factors  of  5-10  were 
observed  in  the  hydrogen  treated  films.  These  data  are  in 
agreement  with  the  observations  of  Milani  and  Paroli®  who 
attributed  this  absorption  to  the  presence  of  Fe^^.  Dillon  and 
Hansen  showed  the  same  results  earlier.*^’*'*  We  have  also 
examined  carefully  the  infrared  absorption  at  3560  cm"'  and 
can  confirm  the  presence  of  OH  vibrations.  However,  the 
amount  of  our  absorption  is  markedly  less  than  Milani  and 
Paroli  report®  even  when  up  to  five  layers  (about  15  fim 
thickness)  are  examined.  We  do  not  observe  at  all  the  broad 
band  at  2800  cm"’. 


III.  RESULTS 

A.  X-ray  lattice  constants 

A  brief  treatment  of  our  films  in  forming  gas  (for  ex¬ 
ample,  10  min  at  470  °C)  shows  some  remarkable  results. 
The  entire  film  increases  in  the  (111)  determined  x-ray  lattice 
constant,  ay .  For  our  films  which  are  originally  in  compres¬ 
sion,  i.e.,  with  where  is  the  substrate  lattice  con¬ 
stant  of  12.383  A  and  ay  =12.390-12.400  A,  the  amount  of 
the  increase  is  always  about  0.008  A  or  nearly  0.1%.  These 
data  are  consistent  with  the  observations  of  Balestrino  and 
co-workers  in  YIG.’  However,  we  did  not  observe  the  high- 
angle  26  wings  or  the  final  contraction  possibly  due  to  our 
thinner  films  and/or  shorter  treatments  at  lower  temperatures. 
The  increased  film  lattice  constant  places  the  film  under  in¬ 
creasing  compression  and  can  create  an  easy  axis  of  magne¬ 
tization  parallel  to  the  film  plane  under  certain  conditions.  In 
one  sense,  the  lattice  dilation  with  H2  treatments  is  analogous 
to  ion  implantations  of  H’^,  He^'’,  Ne'’,  and  others;  however, 
important  distinctions  are  discussed  later  because  the  ion  im¬ 
plants  are  not  reversible. 

If  a  H2-treated  film  is  now  reacted  in  the  O2-O3  gas,  the 
x-ray  lattice  constant  contracts  until  the  value  of  the  as- 
grown  film  is  nearly  reached.  Small  oscillations  about  this 
value  are  possible  to  the  extent  of  about  ±0.0005  A;  how¬ 
ever,  the  film  always  remains  in  compression.  The  process  of 
reduction  oxidation  is  reversible  because  alternate  treatments 
increase  or  decrease  the  (111)  spacings,  respectively.  In  fact, 
the  magnetic  film  can  be  “fine  tuned”  by  this  process  to 
yield  a  desirable  lattice  constant. 

B.  Optical  absorption  and  Faraday  rotation 

The  Faraday  rotation  dispersions  for  the  as-grown  and 
H2-treated  films  are  shown  in  Fig.  1.  The  Faraday  rotation 
exhibits  a  slight  decrease  of  5%-10%  in  magnitude  over  the 
visible  wavelength  region  for  H2-treated  films.  The  largest 
decrease  is  in  the  500-560  nm  range.  This  happens  to  be 
near  the  optical  transition  commonly  assigned  to  tetrahedral 
Fe^^.  It  is  also  interesting  that  the  sign  of  the  Faraday  rota- 


C.  Magnetic  characterization 

Our  3  fim  as-grown  films  are  reproducible  in  their  origi¬ 
nal  magnetic  properties.  The  saturation  magnetization,  ^ttM, 
is  always  100-150  G  while  the  anisotropy  field  Hh  is  always 
greater  than  8  kOe,  and  orients  the  magnetization  perpen¬ 
dicular  to  the  film  plane.  The  characteristic  stripe  domains 
are  absent  and  one  sees  only  1-2  cm^  domains  with  rather 
few  walls  between  crossed  polarizers.  The  coercivity  of  the 
film  is  initially  less  than  0.5  Oe  as  verified  by  magnetometer 
measurements  on  many  5-25  mm^  samples  cut  from  3-in.- 
diam  wafers  or  by  domain-wall  movement  through  the  entire 
wafer.  The  magnetization  ^ttM^  ,  likewise  undergoes  small 
changes  with  chemical  treatments.  In  oxygen  at  temperatures 
up  to  1050  °C,  47rA/j  decreases  by  about  20-50  Oe,  prob¬ 
ably  due  to  some  d-a  site  interchange  of  the  Ga^’’  ions. 

Magnetic  parameters  are  summarized  in  Table  I.  Treat¬ 
ment  of  an  as-grown  film  in  either  air  or  oxygen  at  600  °C 
has  only  a  slight  affect  on  the  magnetic  properties  even  if  the 
treatment  persists  for  several  hours.  Generally,  a  slight  in¬ 
crease  in  coercivity  is  observed.  Significantly  higher  an¬ 
neal  temperatures  (1100  °C)  can  lead  to  the  formation  of 
defects  which  increase  coercivity  through  a  domain-wall  pin¬ 
ning  mechanism.  However,  the  anneal  treatments  discussed 
here  do  not  generally  result  in  pinning  defects. 

Treatment  in  fonning  gas  at  450-500  °C  for  short  peri¬ 
ods  of  time  (10  min),  can  also  increase  the  coercivity,  as 
measured  by  noting  the  onset  and  completion  of  domain-wall 
motion  as  the  field  is  varied;  however,  the  increa.se  is  not 
caused  by  macroscopic  pinning  defects.  As  a  result  of  the 
significant  coercivity  increase,  we  are  not  able  to  reliable 
measure  with  our  apparatus.  However,  upon  subsequent 
reoxidation  at  600  °C,  the  coercivity  decreases  and  //*  values 
significantly  below  those  of  the  as-grown  film  are  obtained, 
probably  due  to  strain  relaxation. 

The  most  interesting  changes  occur  in  the  coercivity 
when  measured  on  the  magnetometer.  Under  subsequent  oxi¬ 
dation  up  to  1050  °C,  He  increases  gradually  while  upon 
reduction  and  reoxidation  the  coercivity  decreases.  By  suc¬ 
cessive  treatments  in  O2  and  H2,  an  appropriate  and  repro- 
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TABLE  I.  Magnetic  film  properties. 


Sample 

state 

Anisotropy 
field  Ht  (kOe) 

Magnetization 
4ttM,  (G) 

Coercivity 

As  grown 

8-12 

100-150 

0.5-5.0 

O2  treated 

600  °C 

8-12 

100-150 

1-5 

H2  treated 
450-500  °C 

100 

20-120 

Reoxidized 

600  "C 

3.5-8 

80-150 

0.5-1.0 

0  so 


ducible  value  of  //<,  can  be  obtained.  Not  only  does 
change  but  the  whole  dynamics  of  switching  process  be¬ 
comes  more  favorable,  i.e.,  domain-wall  movement  is  easier, 
faster,  and  more  uniform  over  the  entire  film.  An  example  of 
the  changes  incurred  in  the  hysteresis  curves  with  H2  treat¬ 
ments  is  illustrated  in  Fig.  2.  Starting  with  a  sample  having  a 
coercivity  of  300  Oe  as  shown  in  (a),  samples  (b),  (c),  and 
(d)  were  treated  first  in  H2  at  470  ®C  for  six  minutes  and  then 
in  O2-O3  for  4,  9,  and  14  min  at  580  “C  and  rerun.  The  final 
coercivity  at  (d)  is  only  20  Oe.  If  (d)  is  retreated  in  O2  at 
higher  temperature  or  longer  time,  the  coercivity  will  in¬ 
crease.  Note  also  that  the  H2  pretreated  samples  have  square 
loops  essentially,  may  be  slightly  asymmetric  about  H-Q, 
and  have  limited  “tails.”  The  tails  are  due  to  residual  do¬ 
mains  and  not  to  oblique  orientation  since  high  fields  up  to 
10  kOe  normal  to  the  film  plane  eliminated  them. 

IV.  DISCUSSION 

Increases  of  the  x-ray  lattice  constant  in  our  films  can  be 
attributed  to  several  possible  reductions  in  the  valence  state 
(increase  of  ionic  radius)  of  the  original  ions  with  H2  treat¬ 
ment.  For  example,  Bi^^-*Bi,  Fe^^-*Fe^^,  or 

Pb‘’^-»Pb^'''-»Pb,  or  Pt‘*^-»Pt,  where  the  Pb  is  introduced 
by  growth  from  a  PbO  flux  and  Pt  from  the  crucible.  Unfor¬ 
tunately,  the  x-ray  method  is  not  specific  and  one  or  more  of 
these  reactions  can  take  place  simultaneously.  The  optical 
evidence  is  more  direct  in  that  it  shows  the  Fe^^  absorption 
and  Faraday  rotation  are  5-10  times  more  and  10%-20% 
less,  respectively.  If  we  consider  that  the  Pb^^  impurity 
amounts  to  less  than  1.0  mol  %  of  the  film’s  composition,*® 
we  can  see  that  these  observed  optical  changes  are  more 
likely  to  be  associated  with  Bi^^  and  Fe^^  rather  than  Pb^^ 
valence  changes. 

Recent  attempts  to  calculate  quantitatively  the  Faraday 
rotation  or  ellipticity  have  met  with  some  success.*^’*®  These 
calculations  were  based  on  diamagnetic  and  paramagnetic 
transitions  of  the  charge  transfer  type  from  2p  orbitals  on 


FIG.  2.  Hysteresis  curves  of  samples  from  Fig.  1.  All  curves  were  recorded 
with  the  field  H  normal  to  the  sample  plane.  H  is  given  in  Oe  and  M  in  emu. 


0^~  to  3d  orbitals  in  Fe^^.  Sign  changes  and  magnitudes  in 
BiYIG  were  accounted  for  only  by  adding  paramagnetic 
terms.  The  sign  changes  generally  occur  at  fixed  ranges  of  Bi 
concentrations  and  fixed  photon  energies.  Our  results  con¬ 
firm  this  for  X =0.8  bismuth  levels  in  our  films.  Furthermore, 
our  H2  or  O2  treatments  immediately  affect  the  sign  of  the 
rotation  possibly  via  the  O2  2p  orbitals.  A  larger  question 
remains  on  whether  we  see  bulk  or  surface  effects.  We  are 
attempting  to  unravel  this  by  polar  Kerr-effect  measurements 
and  other  data  on  films  thinned  by  controlled  surface  re¬ 
moval. 
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With  the  availability  of  dedicated  high-intensity  synchrotron  radiation  sources,  circular  magnetic 
x-ray  dichroism  (CMXD)  is  developing  as  a  technique  for  the  investigation  of  magnetic  properties. 
CMXD  is  defined  as  the  difference  in  absorption  between  right  and  left  circularly  polarized  beams 
at  an  absorption  edge  and  provides  information  about  the  local  (element  and  angular  momentum 
specific)  spin  and  orbital  magnetic  moments.  Both  theoretical  and  experimental  work  on  the  CMXD 
spectra  of  rare-earth  magnets  is  presented.  The  nature  of  the  feature  below  the  absorption  edge  in  the 
rare-earth  CMXD  spectra  for  the  L2  and  L3  edges  is  discussed. 


Circular  magnetic  x-ray  dichroism  is  defined  as  the  dif¬ 
ference  between  the  absorption  coefficients  for  left-  and  right 
circularly  polarized  x-ray  beams  in  a  magnetized  sample. 
With  the  advent  of  more  intense  synchrotron  radiation 
sources,  circular  magnetic  x-ray  dichroism  has  increasingly 
been  used  as  a  probe  of  the  magnetic  properties  of  various 
crystalline  and  multilayer  systems.'"^  In  the  past  few  years, 
various  theoretical  models  have  been  proposed  for  the  inter¬ 
pretation  of  these  spectra  both  qualitatively  and 
quantitatively.*'*  For  example,  sum  rules  derived  by  Thole 
et  al^  and  Carra  et  a/.,'*  which  relate  the  integrated  CMXD 
spectra  to  the  ground-state  expectation  values  of  orbital  and 
spin-dependent  effective  operators,  have  provided  a  theoreti¬ 
cal  basis  for  the  interpretation  of  CMXD  spectra  and  have 
been  used  to  determine  the  spin  and  orbital  moments  of  tran¬ 
sition  elements  in  a  variety  of  systems.^  The  details  of  the 
CMXD  spectra  at  the  L  edges  of  transition  elements  (includ¬ 
ing  5d  impurities  in  3ti  hosts)  and  the  M  edges  of  the  rare- 
earth  elements  can  be  reasonably  well  described  by  first  prin¬ 
ciple  calculations.’’*  This  is  not  the  case  for  the  and  L3 
edges  of  rare-earth  (RE)  elements.  While  these  transitions 
are  mainly  of  the  2p  to  5d  dipolar  character,  complications 
arise  due  to  the  existence  of  the  4/  shell  in  these  elements.  In 
particular,  features  are  observed  below  the  absorption  edge,' 
as  well  as  a  pronounced  asymmetry  between  1 2  and  L3  dich- 
roic  spectra  above  the  absorption  edge  for  some  compounds.’ 
In  this  article  we  summarize  the  work  which  has  been  done 
on  these  issues  and  discuss  some  of  the  difficulties  with  the 
current  theoretical  understanding  of  the  CMXD  of  rare-earth 
magnets. 

For  the  L2  and  L3  edge  CMXD  spectra  of  rare-earth 
elements,  it  is  generally  accepted  that  the  prominent  feature 
above  the  absorption  edge  arises  from  dipolar  transitions  be¬ 
tween  the  2p  core  levels  and  the  unoccupied  5d  states.  In 
order  to  explain  the  feature  found  below  the  edge,  electric 
quadrupolar  transitions  were  introduced  by  Carra  et  al.^  This 
interpretation  is  further  supported  by  the  resonant  magnetic 
x-ray  scattering  experiments."  Since  the  unfilled  4/  shell  in 
the  rare-earth  elements  is  highly  localized,  the  quadrupolar 
peak  appears  below  the  edge  due  to  strong  Coulomb  interac¬ 
tions,  in  the  final  stales,  between  the  2p  core  hole  and  4/ 
electrons  (excitonic  state).  Based  on  this  consideration,  a 
combined  model  which  treats  the  2/?  to  4/  transitions  using 
atomic  multiple!  theory  and  2p  lo  5  d  transitions  using  one 
electron  band  theory  was  introduced.*  Detailed  calculations 


for  Gd  metal*  and  later  for  heavy  rare-earth  metals'’  have 
been  done  based  on  this  model  and  agree  remarkably  well 
with  the  experiments  on  the  elemental  metals.  Encouraged 
by  these  successes,  we  have  developed  a  first  principles  pro¬ 
gram  to  calculate  CMXD  spectra  within  the  one  electron 
band  model,  which,  taken  togeifip;  with  the  atomic  multiple! 
calculations,  can  be  used  to  describe  theL2  and  L3  spectra  of 
rare-earth  elements  in  different  compounds.  The  band- 
structure  calculation  was  carried  out  within  the  local  spin 
density  functional  approximation  (LSDA)  which  has  been 
shown  suitable  for  describing  the  ground  state  properties  of 
heavy  rare-earth  magnets. 

Experimental  spectra  taken  at  the  Gd  I2  and  1 3  edges  of 
crystalline  GdFe2  along  with  theoretical  spectra  calculated 
using  the  method  described  below,  are  shown  in  Fig.  1.  The 
theoretical  curves  have  been  scaled  down  by  a  factor  of  2. 
The  CMXD  measurements  were  taken  at  Cornell  High- 
Energy  Synchrotron  Source  (CHESS)  bending  magnet  D  line 
making  use  of  the  off-axis  elliptical  polarization  of  the  beam. 
The  data  have  been  normalized  to  7=0  K  saturation  magne¬ 
tization  of  the  sample  and  full  circular  polarization  of  the 
x-ray  beam  in  order  to  directly  compare  the  magnitude  of  the 
experimental  spectra  with  the  theory.,'* 

In  our  atomic-sphere-approximation  tight  binding  linear 
muffin-tin  orbital  (ASA-TB-LMTO)  band-structure  code,  a 
spin-polarized,  spin-orbit-coupled,  one-electron  Hamiltonian 
is  solved  using  the  scalar  relativistic  spin-dependent  tight- 
binding  muffin-tin  orbitals  as  a  variational  basis.''*  The  theo¬ 
retical  spectra  have  been  convoluted  with  a  Lorentzian  of 
about  3.5  eV  to  account  for  the  finite  core  hole  life  time  and 
energy-dependent  condu«.,iiv  ji  state  life  time,  and  by  a  Gauss¬ 
ian  of  1.5  eV  to  account  for  the  experimental  resolution.  The 
theoretical  curves,  while  giving  the  general  shape,  do  not 
reproduce  the  experimental  spectra  well.  We  believe,  how¬ 
ever,  that  after  taking  into  account  of  the  core  hole  Coulomb 
attraction  on  the  one  electron  orbitals,  the  agreement  will  be 
improved  since  the  core  hole  effect  will  compress  the  theo¬ 
retical  spectrum  toward  the  Fermi  level,  as  observed  in  the 
experiment.  The  discrepancy  between  the  absolute  magni¬ 
tude  of  the  theoretical  and  experimental  spectra  (a  factor  of 
2)  can  be  reduced  if  we  invoke  the  wave-function  normaliza¬ 
tion  factor  to  the  conduction  electron  states.  Further  calcula¬ 
tions  are  being  undertaken  to  incorporate  the  effect  of  the 
core  hole.  While  the  full  treatment  of  the  transient  impurity 
problem'*  is  still  formidable  for  a  first  principles  calculation. 
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FIG.  1.  Experimental  (dots)  and  theoretical  (solid  line)  CMXD  spectra  at  the 
Od  L}  (top),  and  Gd  Ij  (bottom)  edges.  Theory  curves  have  been  scaled 
down  by  a  factor  of  2. 


a  calculation  in  the  adiaoatic  approximation  is  essentially  a 
static  impurity  problem  and  is  well  within  the  current  com¬ 
putational  capability.  This  work  will  be  presented  in  a  future 
publication. 

\lthough  the  above-described  model  has  successfully 
described  some  general  features  of  the  CMXD  spectra  of  the 
L2  and  L3  edges  of  heavy  rare-earth  elements,  there  are  dif¬ 
ficulties  associated  with  it.  Because  of  the  different  symme¬ 
try  characteristics  of  the  dipolar  and  quadrupolar  transitions, 
the  model  unambiguously  predicts  different  angular  depen¬ 
dencies  of  the  dipolar  part  (above  edge)  and  quadrupolar  part 
(below  edge)  of  the  CMXD  spectra.^’*^  When  sv^aled  to  the 
magnitude  of  the  dipolar  part  at  different  angles,  theory  pre¬ 
dicts  that  the  quadrupolar  transitions  should  yield  a  pro¬ 
nounced  angular  dependence  for  thv  magnitude  of  the  feature 
below  the  edge.  To  firmly  establish  the  validity  of  the  model, 
it  is  essential  to  confirm  this  prediction  experimentally.  The 
theory  predicts  .  lai  Ho  and  Er  should  demonstrate  the  most 
pronounced  angular  dependence. 

Several  experiments  have  been  carried  out  and  have 
failed  to  observe  any  angular  dependence.*^”'’  This  negative 
result  has  stimulated  other  explanations  for  the  below  edge 
feature,  such  as  its  assignment  to  the  magnetic  dipolar  tran¬ 
sitions  involving  hybridisation  between  tl.e  1/  and  5d  orbit¬ 
als.  Magnetic  dip^'lar  transitions,  for  core-level  absorption 
spectroscopy,  even  when  satisfying  angular  momenta  selec¬ 


tion  rules,  give  basically  null  contributions  due  to  a  null  ra¬ 
dial  matrix  element  as  pointed  out  by  Brouder.^ 

We  point  out  here  several  possible  explanations  of  the 
observed  negative  results  for  the  quadrupolar  angular  depen¬ 
dence.  Recently  Carra  et  al.  have  derived  sum  rules  for  the 
quadrupolar  CMXD  spectra,^'  which  associate  the  integrated 
quadrupolar  spectrum  with  the  expectation  values  of  two 
kinds  of  operators  in  the  ground  state,  namely  the  dipolar 
operators  (not  to  be  confused  with  the  dipolar  transitions) 
whose  expectation  values  have  the  same  angular  dependence 
(cos  6)  as  the  dipolar  transitions  and  the  octupolar  operators 
whose  expectation  values  have  a  different  angular  depen¬ 
dence  [(5  cos^  ^3)  cos  6\  It  is  the  contributions  of  the  ex¬ 
pectations  values  of  these  octupolar  operators  that  give  the 
quadrupolar  transition  a  different  angular  dependence  from 
the  dipolar  transition.  The  quantitative  prediction  on  the  an¬ 
gular  dependence  was  made  using  an  isolated  ion 
calculation.^  When  the  crystal-field  effects  are  taken  into  ac¬ 
count,  the  ground-state  expectation  values  of  the  dipolar  and 
octupolar  operators  are  expected  to  scale  differently  (crystal- 
field  scaling).^’  Further  theoretical  investigations  are  re¬ 
quired  to  see  if  the  crystal  field  will  reduce  the  octupolar 
contribution  to  a  greater  degree  than  the  dipolar  contribution 
and  hence  reduce  the  difference  in  angular  dependence  be¬ 
tween  the  quadrupolar  and  dipolar  transitions.  Second,  as  we 
have  mentioned,  the  theoretical  prediction  was  made  accord¬ 
ing  to  an  isolated  ion  calculation,  and  has  completely  ne¬ 
glected  the  possible  hybridization  of  the  4/  shell  with  the 
conduction  electron  states  both  in  the  ground  state  and  the 
excited  states.  When  hybridization  effects  are  taken  into  ac¬ 
count,  the  feature  below  the  edge  will  have  some  dipolar 
mixing  due  to  the  transitions  from  2p  to  the  ligand  states. 
Thee*'  states  hybridize  with  the  4 /  shell  and  can  be  a  mixture 
of  d  and  /  character  because  the  2p  core  hole  has  broken  the 
local  crystal-field  symmetry  for  the  outer  shells.  The  mixing 
of  these  dipolar  transitions  below  edge  will  reduce  the  rela¬ 
tive  weight  of  the  quadrupolar  transitions  and  make  the  ex¬ 
perimental  identification  of  the  angular  dependence  of  the 
feature  more  difficult.  Although  these  hybridizations  have  to 
be  very  small,  their  effects  may  be  enhanced  by  the  dipolar 
matrix  element  which  is  two  orders  of  magnitudes  larger 
than  the  quadrupolar  matrix  element.  Finally,  we  want  to 
point  out  here  that  the  “shake  up,”  due  to  the  core  hole,  of 
the  4/  multiplets  in  the  2p-5d  transitions  can  also  modify 
the  above  edge  feature  as  predicted  by  band  calculations  and 
this  may  be  the  origin  for  the  strong  asymmetry  between  the 
CMXD  Li  and  edges  of  some  heavy  rare-earth  com¬ 
pounds. 

In  conclusion,  we  believe  that  the  combined  model  given 
in  Ref.  6  gives  the  basic  physics  involved  in  the  CMXD  1 2 
ai;d  L3  edges  of  the  heavy  rare-earth  compounds,  although 
some  detailed  modifications  are  required  to  resolve  the  dis¬ 
crepancies  between  the  theory  and  the  experiment.  In  order 
to  obtain  a  definite  answer  to  the  nature  of  the  below  edge 
feature  of  these  spectra,  experiments  also  need  to  be  carried 
out  at  lower  temperatures  to  reduce  the  thermal  fluctuations, 
since  thermal  fluctuations,  acting  effectively  as  a  random  ex¬ 
ternal  field,  will  not  only  reduce  the  dichroic  signal  but  also 
suppress  the  different  quadrupolar  angular  dependence. 
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Note  added  in  proof.  Theoretical  calculations  done  with 
the  combined  correction  to  the  ASA-TB-LMTO^^  have 
shown  better  agreement  of  the  Gd  L2  and  L3  dichroic  spectra 
between  the  theory  and  the  experiment. 

Ames  Laboratory  is  operated  for  the  United  States  De¬ 
partment  of  Energy  by  Iowa  State  University  under  Contract 
No.  W-7405-ENG-82.  Work  at  CHESS  was  supported  by  the 
National  Science  Foundation  under  Grant  No.  DMR-87- 
119764. 
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Using  magnetic  ultrathin  films  (2-4  monolayers)  of  Fe  on  Cu(OOl)  and  bulklike  Fe,  the  Fe  3/»  and 
Fe  3s  core  states  have  been  investigated  with  resonant  photoemission  and  core-level  photoemission, 
including  magnetic  x-ray  circular  dichroism  (MXCD)  experiments.  The  resonant  photoemission 
experiment  has  been  done,  to  probe  the  parentage  of  various  spectral  structures.  All  the  observations 
can  be  explained  as  simply  due  to  the  presence  of  Auger  features:  It  is  not  necessary  to  invoke 
configuration  interaction  combined  with  strong  photoemission  resonance. 


Although  the  observation  of  spin-dependent  splitting  in 
photoelectron  spectroscopy  of  magnetic  materials  has  be¬ 
come  fairly  common,  a  complete,  quantitative  understanding 
of  the  underlying  causes  remains  elusive.  Consider  the  case 
of  the  M  shell  core  levels  of  Fe.  The  Fe  3p  state  can  exhibit 
a  dichroism  or  variation  if  either  circularly  polarized  x  rays* 
or  linearly  polarized  x  rays^  are  used  with  a  magnetized 
sample.  An  example  of  magnetic  circular  dichroism  is  shown 
in  Fig.  1.  Here  the  sample  is  2  monolayer  (ML)  Fe/Cu(001) 
and  a  binding-energy  shift  of  0.2  eV  accompanies  the  change 
from  a  parallel  to  antiparallel  configuration.  Alternatively, 
one  can  use  true  spin  detection  to  separate  contributions  in 
the  Fe  3p  spectra.^*'*  Each  of  these  measurements  gives  a 
sort  of  “exchange  splitting”  but  an  exact  analysis  must  await 
the  application  of  full  multiple  scattering  calculations  that 
include  spin  specificity,  selection  rules,  and  band  elfects.^ 
The  Fe  3p  case  is  further  complicated  by  the  fact  that  the 
exchange  splitting  is  of  nearly  the  same  order  of  magnitude 
as  the  spin-orbit  splitting,  inducing  additional  extensive  mix¬ 
ing  of  j  states. 

A  potentially  simpler  case  is  the  Fe  35  “doublet,”  ex¬ 
amples  of  which  are  shown  in  the  topmost  spectra  of  Figs.  2 
and  3.  The  components  of  this  doublet  or  strongly  asymmet¬ 
ric  peak  are  associated  with  different  spins  in  the  local  mag¬ 
netic  structure.*’  In  fact,  it  is  not  necessary  to  macroscopically 
magnetize  the  sample  in  order  to  observe  the  splitting  of  the 
Fe35  peak;  however,  the  samples  must  be  magnetized  in 
order  to  use  spin  detection  to  resolve  the  separate  spin 
contributions.’’* 

The  lower  spectra  in  Figs.  2  and  3  are  examples  of  reso¬ 
nant  photoemission,®  where  additional  channels  for  electron 
emission  have  opened  up  as  the  2p3/2  and  2pif2  core-level 
thresholds  were  reached.  The  interplay  of  the  direct  and  reso¬ 
nant  channels  is  a  means  to  test  theories  concerning  the  ori¬ 
gin  of  the  35  peak  splitting,  as  discussed  in  Ref.  10.  Here,  we 
present  detailed  resonant  photoemission  spectra  of  Fe/ 
Cu(OOl)  and  bulklike  Fe  which  will  call  into  question  the 
analysis  advocated  in  Ref.  10. 

These  experiments  were  performed  at  the  Stanford  Syn¬ 
chrotron  Radiation  Laboratory,  using  the  University  of 
Califomia/National  Laboratories  Participating  Research 
Team  facilities,""'^  on  the  spherical  grating  monochromator 
(SGM)  beam  line,  8-2.  Beam  line  8-2  can  be  used  as  a  source 
of  circularly  polarized  x  rays.*’®’''*  The  data  were  collected  in 
a  three-tiered,  two-chamber  photoelectron  spectrometer,'* 


equipped  for  photoemission  with  full  energy  and  angular 
(±3°)  resolution  and  multichannel  detection. 

The  resonant  photoemission  spectra  are  now  broken  up 
into  constant  binding  energy  and  constant  kinetic-energy  fea¬ 
tures.  The  constant  kinetic-energy  features  are  shown  to  be 
Auger  peaks.  The  absence  of  strong  intensity  variations  in 
the  constant  kinetic-energy  features,  as  a  function  of  photon 
energy,  is  demonstrated.  This,  in  turn,  argues  against  a  spe¬ 
cialized  initial  state  (i.e.,  configuration-based)  effect  as  the 
source  of  the  35  doublet  intensity  variations. 

In  resonant  photoemission,  new  channels  open  up  with 
the  crossing  of  each  core-level  threshold.  In  Figs.  2  and  3, 
major  spectral  changes  occur  at  hv=101  eV  (I3  or  2^3/2 
threshold)  and  /ii^=720  eV  (£2  or  2p,/2  threshold).  Because 
of  finite  energy  broadening,  the  onset  of  these  changes  often 
occurs  at  photon  energies  just  below  the  nominal  threshold. 
New  spectial  features  can  be  seen  at  the  valence  bands 
(B''s0;  b'’  is  the  binding  energy  with  respect  to  the  Fermi 
energy),  the  Fe  3p  {B^=53  eV)  and  the  Fe  35  {B^=92  eV). 


2  ML  Fe/Cu(001) 


FIG.  1.  Magnetic  x-ray  circular  dicliroism  in  photoemission  of  the  fee  Fe  3p 
core  level.  The  bottom  panel  shows  the  alignment  of  the  Fermi  edge,  which 
allows  for  a  direct  comparison  of  the  'ip  binding  energies  in  the  top  panel. 
The  sample  was  2  ML  Fe/Cu(001),  with  perpendicular  magnetization.  The 
photon  energy  was  160  eV.  The  circularly  polarized  x  rays  were  incident 
along  the  sample  normal  and  the  electron  emission  direction  was  at  55°  from 
normal,  approximately  in  the  [210]  plane.  Parallel  and  antiparallel  refer  to 
the  relative  orientation  of  the  photon  helicity  and  sample  magnetization  (or 
mmority  spin)  (Ref.  1).  Parallel  refers  to  both  up  or  both  down,  and  anti¬ 
parallel  is  correspondingly  up,  down  01  down,  up. 
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4MLFe/Cu(001) 


FIG.  2.  Wide  photoelectron  emission  scans  of  4  ML  of  Fe/Cu(001)  at  a 
series  of  photon  energies  near  the  Ipia  (707  eV)  and  2pi/}  (720  eV)  thresh¬ 
olds.  All  scans  shown  were  taken  with  linear  polarization  with  the  photons 
incident  at  45°  from  the  sample  normal.  The  electrons  were  collected  at  an 
angle  of  45°  from  the  surface  normal,  with  the  electron  momentum  parallel 
to  the  photon  electric  polarization  vector.  Constant  binding-energy  features 
are  shown  with  light  shading.  Constant  kinetic  energy  reactions  are  shaded 
more  darkly. 

As  the  photon  energies  are  increased,  the  new  features  move 
across  the  spectra,  with  a  constant  kinetic  energy  (KE)  asso¬ 
ciated  with  each  feature.  (A  summary  of  constant  and 
constant  KE  features  is  shown  in  Table  I.)  Well  above  thresh¬ 
old,  these  constant  KE  features  are  identified  as  Auger  peaks. 
It  is  only  at  threshold  that  the  resonance  channels  and  direct 
channel  are  isoenergetic.  In  the  third  column  of  Table  I  are 
values  taken  from  an  Auger  handbook:*’  All  except  one  are 
printed-assigned  values,  with  the  exception  being  620  eV, 
which  corresponds  to  a  smaller  unmarked  minimum,  'fhe 
constant  difference  between  column  2  and  column  3  arises 
from  the  measurement  procedure.  In  this  work  we  use  peak 
maxima,  and  in  Ref.  17  the  minima  of  differential  peaks  is 
used.  Thus,  this  shift  is  not  unexpected  and  a  one-to-one 
correspondence  is  found  between  the  members  of  column  2 
and  those  of  column  3. 

The  strongest  features,  B,  C,  and  F  are  associated  with  a 
hole  in  thel3  (2^3/2)  level:  L^M ^  ^  4,5 

13^2,3^2,3  respectively.*®  These  are  intense  but  broad  tran¬ 
sitions.  The  13^45^45  (KE=692  eV)  and  the  L^M 2,3^^  ^ 
(KE=642  and  637  evi  and  the  13(1/2,3(112.3  {KE=592  and 
587  eV)  are  all  intrashell  interactions.  The  observed  splitting 


ijikF* 


FIG.  3.  Similar  to  Fig.  2,  but  here  the  sample  is  a  bulklike  Fe  film  (25  ML) 
on  Cu((X)l).  Note  the  absence  of  Cu  spectral  features.  All  scans  were  taken 
with  linear  polarization,  at  normal  incidence,  and  the  electrons  were  col¬ 
lected  at  an  angle  of  45°  from  the  normal. 

in  C  and  F,  which  were  smeared  out  in  the  lower-resolution 
Auger  handbook  spectra,  is  well  understood.*®  The  other  fea¬ 
ture  which  first  appears  at  the  L3  threshold  is  a  weaker  peak 
at  KE=602  eV  (E  in  Table  I).  This  appears  to  be  a 
transition.  Also,  when  the  L2  threshold  is 
reached,  an  additional  transition  will  contribute  intensity  at 
this  energy,  as  is  described  next. 

The  LiMM  transitions  become  accessible  at  hv=120 
eV  but  in  general  are  far  less  intense  than  their  13(1/ A/  coun¬ 
terparts,  as  discussed  in  Ref.  10.  This  is  due  in  part  to  the 
Coster-Kronig*®  decay  channel,  L2^3A/4,5.  which  rapidly 
transfers  the  hole  into  the  L3  states  and  thus  decreases  the 
L2MM  intensities  while  maintaining  the  L^MM  intensities. 
A  fairly  strong  12^4,5^4,5  observed  at  KE 

=702  eV  (peak  A  in  Table  I).  The  other  two  possibilities. 
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TABLE  I.  Summary  of  constant  B'’  and  KE  features. 


Constant 

B^, 

(eV)” 

Constant 

KE 

KE(eV) 

Auger  features* 
KE(eV) 

Frozen  shell  model 

VB  (Af,,5) 

~2 

A 

702 

716 

7,23/4,53/4,5 

712  eV 

Fe3p  (Afj,,) 

53 

B‘ 

692 

703‘ 

L3A/4  53/4,5 

699  eV 

Cu3p 

15, n 

C 

642,637 

651‘ 

733/2,33/4,5 

648  eV 

Fe  3s  (Ml) 

92 

D 

612 

(-620) 

723/, 3/4,5 

623  6V 

Cu3s 

120 

E 

602 

610 

733/, 3/4  5 

610  eV 

723/2,33/2,3 

610  eV 

F* 

592,587 

598' 

^3^2, 3^2, 3 

597  eV 

**From  Ref.  17.  ‘Strong  feature. 

'Trom  Ref.  16. 


L2‘^2,3^4,s  2nd  l2^2,3'^2,3  ^Tc  difficult  to  observc,  and 
the  12^2,3^2,3  ™2y  overlap  with  the  ^  at  KE 

=602  eV.  The  final  feature,  D  in  Table  I  at  KE=612  eV, 
appears  to  be  the  peak  and  is  fairly  weak,  al¬ 

though  this  is  the  strongest  of  the  L^MM  features  relative  to 
its  L3MM  counterpart.  For  the  sake  of  argument,  the  results 
of  a  frozen  shell  model  are  shown  in  Table  I.  Obviously,  this 
model  is  deficient  and  only  energy  differences  make  any 
sense  quantitatively,  e.g.,  L2M1M4S  vs  and 

^2^2,3^2,3  vs  I3A/2,3M2_3.  Nevertheless,  it  is  clear  that 
these  assignments  are  quite  reasonable.  Moreover,  the  spec¬ 
tra  shown  here  in  Figs.  2  and  3  are  only  a  part  of  the  overall 
data  set.  A  much  finer  grid  of  spectra,  taken  with  Ahv=2  eV, 
were  also  collected  and  were  used  in  this  analysis,  although 
space  limitation  precludes  their  inclusion  here. 

Having  established  that  the  constant  KE  features  can  be 
assigned  as  Auger  features,  the  question  arises;  Is  there  a 
need  to  invoke  a  specialized  initial  state  resonance  and  con¬ 
figuration  interaction  to  explain  our  observations?  The  an¬ 
swer  is  no.  As  can  be  seen  in  Figs.  2  and  3,  the  constant  KE 
features  generally  exhibit  fairly  constant  intensity  ratios  rela¬ 
tive  to  each  other.  The  constant  KE  features  (associated  with 
L^MM  Auger  peaks  B,  C,  E,  and  F  are  generally  much  more 
intense  that  the  constant  features,  with  the  exception  of 
the  L3MlM^  j  (peak  E).  Peak  F.  does  seem  to  turn  on  at  a 
slightly  lower  photon  energy  than  B,  C,  and  F,  but  this  is  not 
unreasonable  considering  the  significantly  different  elec¬ 
tronic  structure  that  contributes  to  these  features.  This  ap¬ 
pears  to  be  analogous  to  the  delayed  onset  of  the  3p  or  3d 
photoemission  cross  sections,  due  to  the  ce.itrifugal  barrier, 
which  is  not  to  be  expected  in  an  s  state  such  as  the  Fe  35.^ 
Consistent  with  our  interpretations,  recent  work^‘  indicates 
that,  resonant  photoemission  in  Ni  is  also  essentially  due  to 
intense  Auger  emission  and  is  not  actually  photoemission  at 
all. 

Finally,  one  last  observation  should  be  made.  Because 
x-ray  ab.sorption  at  the  L2  and  £3  edges  is  such  a  crucial  part 
of  the  resonant  photoemission  process  and  because  very 
strong  absorption  circular  dicliroism  has  been  observed  for 
both  monolayers  and  multilayers,'"'  it  was  plausible  that  a 
magnetic  circular  dichroism  intensity  effect  might  be  seen  in 
resonant  photoemission.  Unfortunately,  no  such  effects  were, 
observed. 

An  extensive  resonant  photoemission  investigation  of  4 
ML  Fe/Cu(001)  and  bulk  Fe  were  performed.  All  observed 
resonance  features  can  be  explained  by  assignment  as  Auger 


peaks;  the  increased  intensity  of  the  high-binding  energy  3s 
multiplet  feature  at  resonance  appears  to  be  related  to  the 
overlap  with  the  s  (or  Auger  transition 

and  does  not  uniquely  establish  this  feature  as  arising  from 
configuration  interaction  d  mixing.  This  seriously  calls  into 
question  the  arguments  proposed  earlier  in  Ref.  10,  where 
the  variation  in  spectral  intensities  of  the  components  of  the 
35  doublet  was  used  to  support  a  configuration-based  model 
of  photoelectron  emission.  The  apparent  variation  of  the  3s 
doublet  components  appears  to  be  due  merely  to  the  onset  of 
an  Auger  transition  at  the  Ly  threshold. 
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Molecular-orbital  analysis  of  magneto-optical  Bi-O-Fe  hybrid  excited  states 
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Molecular-orbital  estimates  of  the  excited-state  spin-orbit  coupling  multiplet  splitting  are  presented 
to  support  the  theory  that  enhanced  magneto-optical  effects  in  Y3_;(Bi;tFe50i2  originate  from 
covalent  interactions  between  Bi^'*'  and  Fe^^  ions.  A  self-consistent  approximation  is  applied  to  a 
two-level  bonding-antibonding  hybrid  formed  from  the  excited  ‘‘P  term  of  Fe^^  and  the  excited 
of  Bi^^.  For  term  energy  values  chosen  from  spectroscopic  data,  overlap  integrals  s<0.05  are 
sufficient  to  account  for  bonding-state  depressions  that  match  those  reported  for  the  tetrahedral  and 
octahedral  site-enhanced  transitions  at  2.6  and  3.15  eV.  The  hybrid  eigenfunctions  of  the  upper 
states  can  contain  more  than  30%  of  the  Bi^"*^  orbital  term.  Multiplet  splittings  that  are  enhanced 
by  the  large  Bi^"*^  spin-orbit  coupling  constant  (X«“2  eV)  are  found  to  be  on  the  order  of  0.5  eV  with 
a  full  complement  of  Bi  surrounding  Fe  in  the  garnet  lattice,  in  agreement  with  estimates  based  on 
experiment. 


I.  INTRODUCTION 

In  a  recent  examination  of  the  Kerr  rotation  and  elliptic- 
ity  enhancement  in  Y3_xBij.Fe50i2,'  it  was  concluded  that 
the  principal  source  of  the  effect  was  large  splittings  of  the 
upper  states  of  selected  optical  transitions.  In  this  interpreta¬ 
tion,  two  strong  lines  of  opposite  sign  wi>h  transition  ener¬ 
gies  of  2.6  and  3.15  eV  from  Fe^'*^  in  tetrahedral  (d)  and 
octahedral  (a)  sublattices  were  determined  to  be  responsible 
for  most  of  the  magneto-optical  enhancements  across  a  band 
from  2  to  5  eV.  To  further  this  analysis,  we  now  examine  the 
origin  of  the  excited-state  splitting.  For  ferrimagnets  with 
exchange-coupled  Fe^^  ground  states,  polarization  rota¬ 
tion  of  a  wave  propagating  parallel  to  the  magnetization  vec¬ 
tor  (z  direction)  is  described  mathematically  as  a  frequency- 
dependent  off-diagonal  element  of  the  permittivity  tensor. 
This  requfres  interaction  between  the  electric  vector  of  the 
optical  wave  and  the  orbital  angular  momentum  L  of  the 
excited  state.  For  the  magnetic  moments  to  Influence  nonre¬ 
ciprocal  effects,  therefore,  spin-orbit  coupling  is  a  necessary 
component.  Since  the  excited-state  splitting  is  the  result  of 
spin-orbit  multiplet  structure,  contributions  from  the  large 
Bi'^"*^  spin-orbit  interaction  reflected  through  covalent 
molecular-orbital  (MO)  states  is  the  focus  of  this  investiga¬ 
tion. 


II.  TWO-LEVEL  MO  APPROXIMATION 

For  the  generic  two-level  system  sketched  in  Fig.  1,  the 
covalence  Hamiltonian  H  may  be  treated  self-consistently 
following  the  method  developed  by  Wolfsberg  and 
Helmholtz.^  The  determinant  secular  equation  of  the  pertur¬ 
bation  calculation  formed  from  matrix  elements 
H,;  =  (;ir,|HU;)  is  given  by 


Hi, -A 

H,2 

Ei-A 

B-As 

H21 

H22-A 

B~As 

E2-A 

’*Also  affiliated  with  Lincoln  Laboratory. 


where  B*®  (Hu +H22)s  (exchange  integral),  and  s  =  (x'iIy2) 
(overlap  integral).  Solution  of  Eq.  (1)  yields  the  following 
eigenvalues.^ 

(£,+£2)(1-252)±V(£,-£2)^(1-5^)+B^ 
- 20^)  • 

(2) 

The  MO  eigenvectors  are  found  from  the 

standard  relation  2^(H,^- A+5,^)c,y--0,  where  If 

s>0,  additional  normalization  factors  are  necessary.'^  For  the 
two-level  case, 

C,j=Cij{cl+cfj  +  2c,iC„s)~^^-,  (3) 

and  the  final  eigenvectors  become  <Pb~Ci\X\'^(^i2X2  and 
*Ptt~^2iXi~C22X2  for  ihe  bonding  and  antibonding  states, 
respectively.  There  are  two  important  results  here:  (i)  (f>h  is 
of  lower  energy  than  by  an  amount  A_  -  ,  and  (ii)  the 

initial  wave  functions  and  X2  in  proportion  to  the 
values  of  C]]  and  C]2.  For  this  generic  example,  Ix'^  mixes 
into  by  a  fraction  Cj2- 

III.  SUPEREXCHANGE  AND  SPIN-ORBIT  COUPLING 

As  discussed  previously,'  we  believe  that  the  enhanced 
magneto-optical  effects  arise  from  the  cooperative  action  of 
Fe^^  ions  with  degenerate  excited  orbital  terms  that  are  split 
further  by  covalent  interactions  with  Bi^^.  Because 


ANTIBONDING 


BONDING 


FIG.  1.  Generic  two-level  molecular-orbital  model. 
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FIG.  3.  Exchange  field  spin  quenching  and  spin-orbit  splitting  of  a  *P  term. 


FIG.  2.  Crystal-field-sensitive  excited  terms  for  (</*)  in  d  and  a  garnet  sites 
as  functions  of  crystal-field  parameter  Dq.  Energies  were  computed  from 
Tanabe  and  Sugano  matrices  (Ref.  7),  with  B  and  C  values  based  on  the 
spectral  analysis  of  Wood  and  Remeika  (Ref.  8). 


crystal-field  effects  have  already  been  accounted  for  (see. 
Fig.  2),  the  total  angular  momentum  J  remains  a  “good” 
quantum  number  in  each  part  of  the  hybrid  state.  The  upper- 
state  splitting  parameter  A  for  individual  ions  is  determined 
principally  by  the  eigenstates  of  the  operator  XL-S.  The 
z-axis  collinearity  of  the  N  magnetic  moments  can  occur 
through  an  applied  field  H(=H,)  or  an  exchange  field 
In  both  cases,  the  degree  of  alignment  follows  a 
Brillouin  function  iB,  so  that  N^q-N'R{H,T).  There  is,  how¬ 
ever,  an  important  distinction  between  these  two 
situations — H,  influences  J  by  splitting  the  M j  levels  (Zee- 
man  effect),  but  can  affect  only  S  by  splitting  the  Ms 
states. 

The  magnetization  of  the  garnet  is  saturated  in  the  z 
direction  by  superexchange  fields,^  causing  B-+1,  and 
N^fC-*N.  Through  covalent  interactions,  the  excited  states  of 
both  Fe^"^  and  Bi^^  should  also  have  nondegenerate  spin 
states.  If  the  exchange  field  perturbation  is  applied,  the  low¬ 
est  state  Ms  value  enters  the  calculation  as  a  multiplier  when 
the  orbital  magnetic  moment  degeneracies  of  the  MO  states 
are  lifted  by  spin-orbit  coupling  XL-S.  Because  S  is  captured 
by  H„,  and  is  therefore  aligned  with  the  z  axis,  |S|=Sj  and 
|L|=L2  .  The  value  of  (  =  MsJ  appropriate  for  the  particu¬ 
lar  level  of  the  2S  + 1  manifold  simply  multiplies  each  M^ 
(  =  21  +  1)  value  of  the  manifold.  Expectation  values  of 
XL-S  are  therefore  determined  by 

4>t\kL,SM-‘\Ms{4>t\LM-  (4) 

This  situation  for  a  state  is  depicted  in  Fig.  3.  For  the 
hybrid  state,  the  energies  that  determine  the  A  splitting  may 
be  reduced  to 

Es{M,)  =  cU\^MsiM,i  +  cU\2Ms2)M,2,  (5) 

where  Msi  now  represents  the  value  of  the  lowest  spin  state. 
For  the  case  of  V  (Fe^"*^),  Mii  =  0,  ±  1  and  A/5,  =  -3/2;  for 

(Bi^'"),  A/i2=0,  ±1  and  A/s2  =  -l.  Where  Xz^X, 
(Xgi^Xpc  in  this  case)  and  C12  is  significant,  we  may  ap¬ 
proximate  E tJ^M i2)  =  C\2{\2M s2)M ii-  The  magnitude  of 
the  splitting  then  becomes  2A*=[£^(  +  l)-£^(-l)]. 


IV.  GROUND- AND  EXCITED-STATE  ENERGIES 

Before  we  examine  the  excited  states  of  the  Bi3Fe50i2 
molecule,  it  is  necessary  to  determine  the  stabilization  en¬ 
ergy  of  the  ground  state.  This  energy  may  be  estimated  from 
the  electrostatic  interactions  between  ions  and  outermost 
electrons  in  the  model  shown  in  Fig.  4.  Here  the  binding 
energy  of  the  electrons  of  Fe^"*^  and  Bi^'*'  may  be  computed 
from  the  algebraic  sum  of  the  cation  ionization  potentials 
(IP)  and  the  energy  of  the  field  from  the  negatively  charged 
anion.  For  the  outermost  electron,  this  repulsive  energy  (RE) 
is  estimated  by  dividing  the  effective  lattice  energy  (LE)  by 
the  ionic  charge.  For  Fe^^,  IP=-54.8  and  RE  from 
Fe203*=»+25.5  eV;  for  Bi^''^  and  Bi203,  the  corresponding 
values  are  -45,3  and  +15.8  eV,  so  that  a  common  resultant 
ground-state  ionic  energy  £j‘=»-29  eV  is  estimated  for  both 
Fe^"*^  and  Bi^"* .  Stabilization  energies  of  the  excited  states  are 
found  by  adding  -29  eV  to  absorption  energy  values  from 
spectral  data.' 

Interpreting  »he  magneto-optical  properties  of  Bi3Fe50]2 
is  begun  by  analyzing  the  covalent  interactions  between  the 
excited  term  of  Bi^"*^  in  the  dodecahedral  (c)  sites  of  the 
garnet  lattice,  and  the  excited  states  of  Fe^"*^  in  the  d  and  a 
sites.  Since  isolated  Bi^"^  has  an  excited  state  =“4.2  eV  above 
the  ground  state,^  hybridization  from  covalence  is  po.ssible 
with  several  Fe^^  excited  states.  Diagrams  of  the  orbital 
terms’’®  as  functions  of  the  ciystal-field  strength  parameter 
Dq  for  the  d  and  a  si;.;s  are  shown  in  Fig.  5. 

V.  MOLECULAR-ORBITAL  EXCITED  STATES 

To  construct  the  hybrid  states  that  represent  the  bands  of 
half-width  F  between  the  Bi®^  ^P  (6s,  6p)  and  Fe®^  (3d^) 
excited  states  that  would  produce  electron  transition  matrix 
elements  with  Fe^^  ground  states,  consider  the  following 
rationale:  The  candidates  that  satisfy  the  selection  rule 


FIG.  4.  Electron  stabilization  energies  based  on  handbook  values  of  ioniza¬ 
tion  potentials  of  Bi^^  and  Fe’’'  and  lattice  energies  of  Bi203  and  Fe203 
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4.2  eV 


FIG.  5.  Proposed  molecular-orbital  energy-level  diagram  of  BijFe50,2. 
Oxygen  interactions  and  alt  antibonding  states  have  been  omitted  to  reduce 
contoion.  Overlap  integrals  can  include  invidual  Bi-O-Fe,  direct  Bi-Fe,  and 
linkages  between  Bi  and  Fe^-O-Fe^  superexchange  groups. 


AA/^  =  ±  1 ,  that  have  symmetry  transformation  properties 
similar  to  the  Bi^^  state,  and  are  crystal-field  (i  e.,  Dq) 
selective  are  the  states.  Inspection  of  Fig.  2  reveals 

three  *Tig  states,  associated  with  the  *G,  '*P,  and  terms. 

For  the  principal  transitions  that  appear  to  cause  the 
magneto-optical  anomalies  at  2.6  and  3.15  eV,‘  the  obvious 
choice  is  the  *P  term,  which  has  energies  of  3.2  and  3.7  eV 
for  the  d  and  a  sites,  respectively,  with  corresponding  Dq 
values  of  0.065  and  0.15  eV.  The  bonding-state  hybrid  func¬ 
tion  is  then  expressed  as  (^j=Cii|'’P)  +  Ci2|^/’).  If  these 
quantities  are  used  in  Eqs.  (1)  and  (2),  values  that  agree  with 
experiment  are  listed  in  Table  1  for  the  transition  energies 
(A_-£g)  from  the  ground  state  to  the  bonding  states  for 
Ci2=0.26  and  0.33,  and  s  =  0.04  and  0.03  for  the  d  and  a 
sites,  respectively.  The  larger  value  of  s  for  the  d  site  is 
consistent  with  its  shorter  bond  lengths.  To  determine  the  A 
values  listed  in  Table  I,  we  ignore  the  first  term  (the  Fe^^ 
part)  of  Eq.  (5)  by  assuming  that  X2>Xi.  With  X2=Xb,  and 
A/52=-1,  the  multiplet  energies  Pi(A/i2)'“  +  XB,Ci2,  0, 


TABLE  1.  Molecular-orbital  parameters  of  Bi3Fe50,2. 


> 

1 

1 

»« 

A 

(eV) 

(eV) 

5 

C?2 

(eV) 

(cV) 

3.2  id) 

2.6 

0.04 

0.26 

0.52 

0.11* 

3.7  (a) 

3.2 

0.03 

0.33 

0.66 

0.27' 

•These  values  were  determined  for  Y3-iBi;,Fe50|2  withx=0.25  (Ref.  1) 
For  the  full  complement  of  Bi^*  interactions,  i.e.,  x-3,  the  effective  s 
integrals,  values,  and  A„p,  magnitudes  would  be  significantly  larger. 


-XBiC|2,  thereby  yielding  A«=XBiCi2.  For  Xb,’“2  eV,®  and 
Ci2<0.5,  a  values  for  d  and  a  sites  are  0.52  and  0.66  eV, 
respectively,  in  general  agreement  with  the  conclusions  of 
experiment  (see  footnote  to  Table  I).  Calculated  values  of  F 
(«B/4)  are  also  in  reasonable  agreement  with  experimental 
values  on  the  order  of  0.5  eV.* 

VI.  DISCUSSION 

From  the  above  calculations,  Fig.  5  may  be  constructed 
to  illustrate  the  origin  of  the  Faraday  rotation  peaks  at  2.6 
and  3.15  eV.  In  addition,  this  work  presents  an  opportunity  to 
suggest  that  the  weaker  transition  estimated  to  occur  at  3.9 
eV  initially  labeled  as  d  site,*  may  result  from  a  partial  over¬ 
lap  cancellation  of  transitions  that  originate  from  the  MO 
states  formed  with  the  terms  (£i=4.1  eV)  of  Fe^^  ions 
in  both  d  and  a  sublattices.  This  situation  would  explain  why 
the  location  of  the  second  peak  from  the  a  sublattice  should 
appear  somewhere  in  this  general  energy  regime.  The  experi¬ 
mental  determination  that  the  peak  at  3.9  eV  has  the  same 
sign  as  the  tetrahedral  peak  at  2.6  eV  is  consistent  with  the 
ratio  (3:2)  of  ri  to  a  sites. 

Based  on  the  notion  that  magneto-optical  effects  involv¬ 
ing  excited  states  are  dependent  on  the  product  ^jffA,  we 
may  speculate  on  the  effects  of  magnetic  dilution  and  tem¬ 
perature  variations.  If  the  temperature  T  remains  below  the 
Curie  temperature  Tq  ,  should  track  with  the  magnetiza¬ 
tions  of  the  respective  sublattices,  subject  to  influence  from 
loss  of  spin  collinearity  in  the  upper  states  of  the  individual 
transitions.  Information  about  spin  canting  in  both  the 
ground  and  excited  states  may  be  extracted  from  the  peak 
intensities  as  functions  of  Fe^"^  content. 

For  other  ions  with  a  (6s)^  ground-state  electron  con¬ 
figuration  similar  to  that  of  Bi^^,  i.e.,  Pb^'*',  Tl’^,  or  neutral 
Hg,  similar  magneto-optical  effects  should  be  expected.  With 
smaller  X  values,  however,  the  effects  of  the  A  splitting 
should  be  reduced  somewhat  from  those  of  Bi^"*. 
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A  new  Faraday  rotation  glass  with  a  large  Verdet  constant 
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Heavily  terbium-doped  boron-silicate  glasses  (Tb^‘’'10.4  at.  %)  with  a  Verdet  constant  (632.8  nm, 
room  temperature)  as  large  as  -0.338  min/Oe  cm,  38%  larger  than  that  of  the  famous  FR-5  glasses, 
have  been  made.  The  wavelength  and  temperature  dependencies  of  the  Verdet  constants  of  samples 
have  been  investigated  in  the  ranges  of  400  to  800  nm  and  100  to  300  K.  The  results  show 
paramagnetic  Faraday  rotations.  The  measured  susceptibilities  between  77  and  300  K  support  this 
point  but  with  an  effective  Bohr  magneton  number  7%  smaller  than  the  theoretical  value  for  free 
Tb^"*^  ions.  Susceptibilities  are  further  measured  at  temperatures  from  1.5  to  100  K  and  magnetic 
fields  from  0.2  to  5.0  T.  The  results  show  saturation  of  magnetization  and  give  a  Neel  temperature 
of  about  -9  K.  The  effective  Bohr  magneton  number  in  the  state  of  saturated  magnetization  is  55% 
smaller  than  the  free  ion  value.  These  results  may  indicate  the  single  ion  anisotropy  reduction  of  the 
mapetization  of  the  disordered  Tb^'*'  ions  at  low  temperatures.  The  measured  indices,  Abel  numoer, 
and  nonlinear-index  coefficient  are  1.745  92  (N^),  1.746  70  {^632.8)'  84  (V^),  1.760  31  (A/.), 

49.92,  and  7.638X10"^*’  m^/W,  respectively.  The  transmittance  of  the  sample  (15.2  mm  thick)  is  up 
to  85%  in  the  range  from  400  to  1500  nm.  It  is  known  that  the  lower  transmittance  is  mainly  due 
to  Nd^"*^  and  Pr^'*'  impurities  in  the  raw  material  Tb407  by  optical  absorption  analysis. 


I.  INTRODUCTION 

The  transparent  range  for  visible  and  near  infrared  light 
Faraday  ri,tation  glasses,  among  which  the  Hoya  FR-5  glass 
is  the  most  famous,  has  attracted  the  attention  of  scientists 
and  engineers  for  a  long  time.  As  a  paramagnetic  material, 
Faraday  rotation  glass  has  the  disadvantage  of  a  small  Verdet 
constant.’  Hoya  Optics  Inc.  has  developed  FR-6  glass  with 
better  characteristics  than  FR-5,^  but  the  details  are  not  avail¬ 
able  to  the  author.  A  new  Faraday  rotation  glass,  known  as 
the  terbium  glass  with  a  Verdet  constant  (632.8  nm,  room 
temperature)  as  large  as  -0.338  min/Oe  cm,  38%  larger  than 
that  of  the  FR-5  glass,  has  been  made  in  this  laboratory.  In 
this  glass  a  high  concentration  of  terbium  ions  (Tb^^  10.4 
at.  %)  is  doped  into  the  boron-silicate  matrices  with  BaF2 
and  Pb02  as  flux  in  the  melt  at  a  temperature  of  about 
1500  °C.  Another  two  samples  with  different  doping  concen¬ 
trations  of  terbium  and  dysprosium  ions  (Tb^^  8.4  at.  %  and 
Dy^"^  7.2  at.  %,  respectively)  were  also  made  in  the  process. 
These  three  samples  are  known  as  samples  1, 11,  and  III.  The 
light  wavelength  and  temperature  dependencies  of  the  Verdet 
constants  of  the  samples  are  measured  to  fit  into  a  single  ion 
theoretical  model^  above  100  K.  The  temperature  dependen¬ 
cies  of  the  magnetization  and  the  magnetic  susceptibilities  of 
samples  I  and  II  measured  from  1.5  to  300  K  and  from  0.2  to 
5.0  T  show  the  existence  of  superparamagnetic  clusters  with 
antiferromagnetic  structure.'* 

The  indices  and  Abel  number  of  sample  I  are,  respec¬ 
tively,  larger  and  smaller  than  those  of  FR-5.  The  nonlinear 
index  coefficient  of  sample  I  is  smaller  than  that  of  TbAlG. 
The  optical  absorptivity  of  sample  I  at  632.8  nm  is  larger 
than  that  of  FR-5.  Optical  absorption  spectrum  analysis  for 
sample  1  may  indicate  that  the  impurity  neodymium  and 
praseodymium  ions  in  raw  material  Tb407  cause  the  larger 
absorptivity. 

II.  EXPERIMENTS 

According  to  Crossley,^  the  Verdet  constant  V  can  be 
written  as 


l/V=k^/C-\l/C,  (1) 

where  X  is  the  light  wavelength,  Xg  is  the  resonance  wave¬ 
length,  and  C“ T  is  a  constant  for  a  certain  temperature.  At 
first,  the  temperature  was  set  to  303  K,  the  Verdet  constants 
of  samples  1,  II,  and  III  were  measured  with  a  light  wave¬ 
length  scanned  from  400  to  800  nm  because  of  the  probe 
limit.  Second,  for  sample  I,  the  temperature  was  set  to  208 
and  173  K  and  the  wavelength  was  scanned  again  from  400 
to  800  nm;  the  magnetic  field  was  0.22  T  for  all  of  the  mea¬ 
surements.  Experimental  data  are  fit  to  Eq.  (1)  by  least- 
squares  as  shown  in  Fig.  1.  The  numbers  1,  2,  3,  4,  and  5  in 
the  figure  indicate  samples  III,  II,  a.nd  I  at  303  K,  and  sample 
I  at  208  and  173  K,  respectively.  The  resonance  wavelength 
Xg  for  terbium  ions  in  samples  1  and  II  are  calculated  from 


FIG.  I.  The  wavelength  dependencies  of  the  Verdet  constants  of  samples  I, 
II,  and  111.  The  numbers  at  the  lines  1,  2,  3,  4,  and  5  indicate  data  for 
samples  Ill,  11,  and  I  at  temperature  303  K  and  for  sample  I  at  208  and  173 
K.  llie  applied  magnetic  fields  are  all  0.2  T. 
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FIG.  2.  The  temperature  dependencies  of  the  magnetic  susceptibilities  of  samples  I  and  II.  The  upper  line  is  for  sample  I  and  the  lower  sample  II.  The  symbols 
A  and  X  are  for  the  applied  magnetic  field  0.2  T,  □  and  •  for  0.4  T;  and  O  and  ▲  for  0.6  T.  The  insert  shows  the  temperature  dependencies  of  the 
magnetization  of  samples  I  (upper)  and  II  (lower).  The  symbols  t  and  •  are  for  the  applied  magnetic  field  5.0  T;  ▲  and  0  for  0.6  T;  and  □  and  A  for  0.4  and 
0.2  T,  respectively 


the  slope  and  intersection  of  the  lines  2,  3,  4,  and  5  to  be  in 
the  range  from  258.6  to  280.0  nm  with  267.6  nm  as  an  av¬ 
erage.  This  is  very  close  to  \o= 268.0  nm  for  a  terbium  ion  in 
TbAlG.^  The  resonance  wavelength  Xq  for  the  dysprosium 
ion  in  sample  111  is  calculated  from  line  1  as  223.1  nm  which 
is  also  close  to  Xo= 220.5  nm  for  the  dysprosium  ion  in 
DyAlG.^  The  temperature  dependence  of  the  Verdet  constant 
of  sample  I  was  measured  from  100  to  300  K  to  give  a 
paramagnetic  result,  \IV<^T.  However,  the  hysteresis  of 
sample  I  measured  at  77  K  is  2.5  times  wider  than  that  at  282 
K.  The  susceptibility  and  magnetization  of  sample  1  were 
measured  with  a  vibrating-sample  magnetometer  (VSM)  at 
temperatures  from  1.5  to  300  K  and  at  applied  magnetic 
fields  from  0.2  to  5.0  T.  As  shown  by  the  upper  curves  in  Fig. 
2,  the  magnetization  at  high  applied  magnetic  fields  ap¬ 
proaches  saturation  at  low  temperature  while  the  susceptibil¬ 
ity  curves  give  a  negative  intercept  Boi  about  -9  K. 

Using  the  measured  density  of  the  terbium  glass  and  the 
atomic  concentration  of  Tb^^  ions  in  the  glass,  the  concen¬ 
tration  of  Tb^"^  ions  N  is  calculated  to  be  1 .08  X  10^^/cm^. 
The  effective  Bohr  magneton  number  can  be  calculated  for 


sample  I  using  the  value  of  N  and  the  slope  of  the  upper  line 
in  Fig.  2.  The  value  is  9.01  fig  which  is  about  1%  smaller 
than  the  value  for  the  free  Tb^'*^  ion.  From  the  insert  in  Fig.  2, 
the  magnetic  moment  per  volume  of  sample  1  below  5  K  is 
433.87  emu/cm^.  The  averaged  effective  Bohr  magneton 
number  for  each  Tb^"^  ion  is  thus  4.33  /ig  which  is  55% 
smaller  than  the  free  ion  value. 

The  conventional  ootical  parameters,  of  sample  1,  such 
as  transmittance  and  index  are  measured  with  a  Lambda-9 
spectrophotometer.  For  measuring  the  index  the  sample  was 
processed  into  a  prism.  The  transmittance  is  up  to  85% 
within  the  range  between  400  and  1500  nm  as  shown  in  Fig. 
3,  the  insert  is  the  transit  spectrum  of  FR-5.®  The  indices  for 
standard  spectrum  lines  are  1.745  92  {N^)  1-749  84  {Nq), 
and  1.760  31  {Np),  which  are  about  4%  larger  than  those  of 
FR-5  glass.’  The  Abel  number  is  49.92  while  the  Abel  num¬ 
ber  of  FR-5  is  53.49.’  For  comparison  with  the  absorptivity, 
0.0597  cm~*  of  FR-5  at  632.8  nm,*’  ’  the  index  of  sample  1  at 
632.8  nm  was  particularly  measured  to  be  1.746  70  and  the 
absorptivity  of  the  sample  is  calculated  to  be  0.0948  cm  ' 
according  to  the  equation 
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FIG.  3.  The  optical  transmission  spectrum  of  sample  I.  The  insert  is  the  optical  transmission  spectrum  of  FR-5  glass,  courtesy  of  P.  E.  Sanders,  SPIE  566, 317 
(1985)  (Fiber  Optic  and  Laser  Sensors  HI). 


(2) 

where  T/is  the  transmittance,  r=(N^22.s~^)^K^632.&  •'1)^ 
for  normal  incidence,  a  is  the  absoptivity,  and  / = 15.2  mm  is 
the  thickness  of  the  sample.  The  nonlinear  index  coefficient 
of  sample  1  is  calculated  according  to  the  equation^ 

{No-l){Nl+2)^ 

v[l.5n  +  (Nl  +  2)(No+\)NDv/6]''^ 

10"* 

>^139  •  ® 

where  N2  is  the  nonlinear  index  coefficient,  v  is  the  Abel 
number,  Nd  is  the  index  at  589.6  nm,  and  is  a  constant 
assumed  as  68.  The  value  of  N2  is  7.638  x  10“‘®  m^/W 
which  is  a  little  smaller  than  that  of  TbAlG,  8.6  X  10“^® 

mW 

III.  DISCUSSION 

Being  different  from  the  magnetic  structure  of  FR-5, 
which  is  paramagnetic  in  the  whole  temperature  range,’  the 
terbium  glass  made  in  our  laboratory  has  a  paramagnetic 
structure  above  100  K  and  a  superparamagnetic  structure'® 
below  60  K.  Like  the  formation  of  clusters  composed  of 
oxygen  and  gadolinium  ions  in  germanite  IR  glasses,'®  oxy¬ 
gen  and  terbium  ions  may  form  clusters  in  the  terbium  glass. 
The  bigger  absolute  value  of  Neel  temperature  k>  fof 
sample  1  of  higher  Tb^^  concentration  10.4  at.  %  than  that,  6 
K,  for  sample  II  of  Tb^^  concentration  8.4  at.  %  may  indi¬ 
cate  a  stronger  magnetic  interaction  in  sample  I.  The  single 
ion  anisotropy  of  the  non-S -state  Tb^^  ions  in  the  disordered 
cluster  at  low  temperatures  may  give  rise  to  the  value  of  the 
magnetic  moment  per  Tb^"^  ion  as  half  of  the  free  ion  value 
in  an  applied  magnetic  field.  Further  measurements  of  the 
susceptibilities  and  magnetization  of  the  samples  with  sev¬ 
eral  different  Tb^^  concentrations  are  being  conducted  to 
give  the  details. 


The  temperature  dependence  of  the  Verdet  constant  fol¬ 
lows  that  of  the  susceptibility  above  100  K.  This  fits  to  the 
single  ion  model.^  Further  effort  should  be  made  to  extend 
the  temperature  to  1.5  K  in  the  measurement. 

As  seen  in  Fig.  3,  three  absorption  peaks  can  be  assigned 
to  Nd^^  and  Pr^"'^  ions."  The  raw  material  Tb407  used  in  the 
process  is  of  engineering  purity  only.  It  is  considered  that  the 
higher  absorptivity  of  the  terbium  glass  is  mainly  due  to  the 
existence  of  the  impurity  ions  Nd^'''  and  Pr^'''  in  the  raw 
material  11)407. 

To  support  the  model  of  the  oxygen-terbium  clusters 
microscopically,  electron  paramagnetic  resonance  (EPR)  and 
Mossbauer  studies  are  being  conducted  on  the  samples. 

IV.  CONCLUSIONS 

Tb^^  ions  may  aggregate  in  combination  with  0^”  ions 
to  form  fine  superparamagnetic  clusters  in  Tb^^  heavily 
doped  boron-silicate  glasses.  Simply  increasing  the  concen¬ 
tration  of  Tb^"*^  in  the  glass  may  not  result  in  a  larger  Verdet 
constant.  Nevertheless,  Tb^"'^  heavily  doped  glass  may  be 
useful  in  the  study  of  superparamagnetism. 
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High  quality  L2,3  edges  magnetic  circular  dichroism  (MCD)  data  of  in  situ  grown  Fe,  Co,  and  Ni 
ferromagnetic  thin  filrijs  were  measured  using  transmission  x-ray  absorption  technique.  These  data 
were  utilized  to  investigate  the  validity  of  the  recently  proposed  x-ray  MCD  sum-rules  that  offer  a 
new  means  for  deducing  orbital-  and  spin-magnetic  moments  from  MCD  data.*’^  We  find  that  the 
orbital  to  spin  magnetic  moment  ratios  of  Fe,  Co,  and  Ni  deduced  from  MCD  data  according  to  the 
sum-rules  are  at  ±30%  discrepancy  with  those  deduced  from  neutron  scattering  data.  This 
inconsistency  may  be  attributed  to  the  neglecting  of  multi-electron  excitations  and  band  structure 
effects  in  the  derivation  of  the  sum-rules  or  due  to  uncertainties  in  the  neutron  scattering  results. 

Caveats  for  MCD  data  taken  with  the  fluorescence  yield  x-ray  absorption  technique  will  also  be 
discussed. 
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The  linearity  and  hysteresis  in  the  magnetoresistive  (MR)  response  of  NiFe/Cu  and  NiFeCo/Cu 
multilayers  prepared  by  ion  beam  sputtering,  and  Cu/Co/Cu/NiFe  multilayers  prepared  by  MBE  are 
investigated.  These  characteristics  in  the  linear  regions  for  the  second  peak  of  antiferromagnetically 
coupled  NiFe/Cu  multilayers  are  almost  the  same  as  those  of  NiFeCo/Cu  ones  at  50-Hz  ac  applied 
fields.  The  MR  amplitude  at  the  first  peak  is  inferior  to  that  at  the  second  one,  whereas,  the  linearity 
and  hysteresis  are  superior.  In  wealdy  coupled  Cu/Co/Cu/NiFe  multilayers,  a  nonhysteretic  MR 
response  is  obtained  at  a  NiFe  layer  thickness  of  10  A.  The  linearity  and  symmetry  around  the  zero 
magnetic  field  of  the  MR  curve  depend  on  the  Cu  layer  thickness.  When  the  thicknesses  of  the  NiFe 
and  Cu  layers  are  10  and  45  A,  respectively,  good  linearity  and  no  hysteresis  are  observed  without 
biasing  techniques.  The  output  levels  in  the  linear  regions  of  three  different  multilayers  are  1. 5-2.5 
times  as  large  as  that  of  the  conventional  Permalloy  film.  These  multilayers  are  promising  materials 
for  the  fabrication  of  MR  head  for  ultrahigh  density  recording. 


I.  INTRODUCTION 

Since  the  discovery  of  the  giant  magnetoresistance  effect 
(GMR)  in  Fe/Cr  multilayers,'  a  large  number  of  studies  have 
been  made  on  the  GMR  effect  in  multilayers.^'^  GMR  effect 
is  attracting  great  interest  for  magnetoresistive  read  (MR) 
heads.  MR  heads  require  large  resistance  changes  in  low 
excitation  fields.  In  addition,  good  linearity  and  no  hysteresis 
of  the  MR  curve  are  required  to  prevent  distortion  in  the 
output  signal  wave  form.  Antiferromagnetically  (AF) 
coupled  NiFe/Cu  and  NiFeCo/Cu  multilayers,  which  contain 
magnetically  soft  magnetic  layers,  exhibit  MR  ratio  of  8%- 
12%  with  a  saturation  field  of  about  100  Oe.^’®  On  the  other 
hand,  MR  ratio  of  7%  has  been  obtained  in  weakly  coupled 
Cu/Co/Cu^iFe  multilayers  for  fields  changes  of  100  Oe.^ 
However,  the  linearity  and  hysteresis  in  the  MR  curves  have 
not  been  reported  in  these  multilayers.  In  this  paper  we  re¬ 
port  the  linearity,  hysteresis  and  MR  amplitude  both  with  dc 
and  ac  applied  fields  at  50  Hz  in  three  different  multilayers, 
NiFe/Cu,  NiFeCo/Cu,  and  Cu/Co/Cu/NiFe,  and  compare  the 
results  with  the  anisotropic  magnetoresi.stance  (AMR)  of 
conventional  Permalloy  film. 

II.  0(PERIMENTAL  DETAILS 

NiFe/Cu  and  NiFeCo/Cu  multilayers  were  prepared  by 
ion  beam  sputtering,  using  Ni82Fei8,  NiftgFeigCojg,  ano  Cu 
targets.  The  films  were  deposited  in  an  argon  pressure  of 
1.5X10~‘'  Ton  at  R.T.  with  a  magnetic  field  of  60  Oe  in  the 
film  plane.  The  acceleration  voltage  of  ion  gun  was  300  V 
with  an  ion  current  of  30  mA.  Cu/Co/Cu/NiFe  multilayeis 
were  prepared  by  successively  depositing  Cu,  Co,  Cu,  and 
NigzFeig  at  R.T.  by  evaporation  in  ultrahigh  vacuum  in  a 
MBE  system.  The  base  pressure  was  below  2X10 ''®  Torr, 


and  the  pressure  during  deposition  was  maintained  at  the 
order  of  10"’  Torr.  NiFeNb  or  Ta  buffer  layers  (50  A  thick) 
were  first  grown  on  glass  substrates  in  the  IBS  system  and  Cr 
buffer  layers  (50  A  thick)  in  the  MBE.  The  deposition  rates 
were  controlled  at  0.2-0.4  A/s  in  both  cases.  The  thicknesses 
of  the  NiFe,  NiFeCo,  and  Co  layers  were  varied  between 
10-15  A  and  that  of  the  Cu  layers  between  10-50  A  in  all 
three  multilayers.  The  periods  and  structures  of  the  multilay¬ 
ers  were  investigated  by  measuring  low  angle  x-ray  diffrac¬ 
tion.  The  magnetic  properties  for  the  films  were  investigated 
using  a  vibrating  sample  magnetometer.  The  MR  properties 
with  dc  applied  fields  were  measured  using  a  standard  four- 
terminal  method  on  specimen  with  a  stripe  of  0.5X10  mm^. 
Tlie  MR  ratio  is  defined  as  Ap/p^ ,  where  the  p^  is  the  resis¬ 
tivity  at  the  saturation  magnetic  field  and  the  Ap  is  the  resis¬ 
tivity  change.  The  specimens  for  ac  MR  measurements  were 
formed  into  stripes  with  dimensions  3-7X150  /xm^  by  pho- 
tolithogiaphy.  Au  films  were  deposited  on  the  top  of  the 
stripe  as  conductors  by  vacuum  evaporation  to  make  the 
track  width  of  4.5  fxm.  The  magnetic  field  was  applied  in  the 
direction  of  the  width  of  the  stripes  in  both  dc  and  ac  cases. 
The  MR  response  curve  with  ac  applied  fields  was  measured 
at  50  Hz,  and  the  sense  current  was  15  mA.  ITie  magnetic 
domain  walls  were  observed  by  a  magneto-optical  Kerr  ef¬ 
fect  apparatus. 

III.  RESULTS  AND  DISCUSSION 
A.  NiFe/Cu  and  NIFeCo/Cu  muitilayers 

The  changes  of  MR  ratio  on  varying  Cu  layer  thickness 
were  investigated  in  NiFe/Cu  and  NiFeCo/Cu  multilayers. 
Here,  each  magnetic  layer  thickness  is  fixed  at  15  A.  The 
multilayers  have  20  bilayers  of  NiFe  or  NiFeCo  and  Cu.  The 
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FIG.  1.  MR  responses  with  a  50-Hz  applied  field  of  ±300  and  ±50  Oe  for 
(a)  [Cu(9  A)/NiFe(15  A)yCu(9  A),  (b)  [Cu(20  A)/NiFe(15  A)]yCu(20 
A),  and  (c)  [Cu(20  A)/NiFeCo(15  A)yCu(20  A)  with  50-A-thick  NiFeNb 
buffer  layers. 


well-defined  oscillations  in  the  changes  of  the  MR  ratio  are 
confirmed  in  both  multilayers.^’*  The  peaks  of  the  MR  ratio 
are  observed  at  the  Cu  layer  thicknesses  of  9  and  20  A.  At 
the  first  peak  {tca=9  A),  an  MR  ratio  of  12.3%  for  NiFe/Cu 
and  16.6%  for  NiFeCo/Cu  multilayers  are  obtained.  At  the 
second  peak  (fcu~20  A),  the  MR  ratios  of  6.4%  and  9.1% 
are  obtained,  respectively. 

The  MR  response  curves  for  three  samples  of  (a)  [Cu(9 
A)/NiFe(15  A)]2o/Cu(9  A),  (b)  [Cu(20  A)/NiFe(15 
A)]2o/Cu(20  A)  and  (c)  [Cu(20  A)/NiFeCo(15  A)]2o/Cu(20 
A)  with  50-A-thick  NiFeNb  buffer  layers  are  shown  in  Fig. 
1.  Data  are  shown  for  the  7X150  /im^  stripe  with  the  applied 
fields  of  ±300  and  ±50  Oe.  In  order  to  investigate  the  char¬ 
acteristics  in  the  linear  regions,  a  dc  biasing  field  of  about  30 
Oe  is  applied  for  the  low  field  measurement  by  a  permanent 
magnet.  To  evaluate  the  linearity,  hysteresis  and  the  MR  am¬ 
plitude,  we  define  the  following  values  of  the  MR  response; 
the  overall  MR  amplitude  with  ±300  Oe  the  MR  am¬ 
plitude  with  ±50  Oe  Vi ,  the  remanent  MR  amplitude  at  zero 
applied  field  with  ±50  Oe  AV,  hysteresis  of  the  MR  re¬ 
sponse  with  ±50  Oe  AH,  as  indicated  in  Fig.  1.  Therefore, 
we  define  here  the  linearity  as  L  =  {Vi-AV)IVi^ .  The  lin¬ 
earity  becomes  better  when  the  L  value  is  close  to  1.  The 
value  is  4.5  mV  for  sample  (a),  3.2  mV  for  (b)  and  4.3 
mV  for  (c),  and  the  Vi  value  is  1.59,  1.89,  and  1.85  mV, 
respectively.  The  for  sample  (c)  is  1.5  times  as  large  as 
that  for  (b).  These  values  are  in  good  agreement  with  the  MR 
ratio,  because  the  MR  ratio  of  NiFeCo/Cu  multilatyers  is  1.4 
times  as  large  as  that  of  NiFe/Cu  ones.  However,  the  Vi 
values  are  almost  the  same.  This  indicates  that  these  multi¬ 
layers  have  the  same  field  sensitivity  in  the  linear  regions  of 
the  MR  response.  In  addition,  the  L  and  AH  values  are  also 
the  same  in  both  sample  (b)  and  (c),  as  shown  in  Fig.  1. 
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FIG.  2.  The  Hl  values  with  dc  applied  fields  on  varying  NiFc  layer  thick¬ 
ness  for  Cr(50  A)/[Cu(50  A)/Co{10  A)/Cu(50  A)/NiFe(x  A)]io.  Inset  shows 
schematic  diagram  of  the  Hi,  and  Ha  values  in  the  minor  loop  of  the 
MR  profile. 

There  is  no  significant  difference  in  the  characteristics  in  the 
linear  regions  between  NiFe/Cu  and  NiFeCo/Cu  multilayers. 
On  the  other  hand,  a  linear  and  nonhysteretic  MR  response  is 
observed  in  sample  (a).  In  paticular,  the  AH  value  for  sample 
(a)  is  smaller  than  that  for  (b).  Obviously,  hysteresis  at  the 
second  peak  is  larger  than  that  at  the  first  peak.  From  domain 
wall  observations  on  the  specimen  at  the  second  peak,  Ta(50 
A)/[Cu(r  A)/NiFeCo(30  A)]2(ra,=20),  domain  walls  nucle¬ 
ate  and  move  on  the  specimen  with  changing  external  fields, 
which  are  applied  perpendicular  to  the  stripe  axis.  The  ob¬ 
served  domain  walls  move  irregularly,  not  perpendicular  to 
the  stripe  axis.  On  the  contrary,  the  domain  walls  are  not 
observed  on  the  specimen  at  the  first  peak  {tcn-9).  This 
proves  that  domain  wall  displacement  exists  at  the  second 
peak.  S.  Zhang  et  al.  gave  a  interpretation  that  the  multilay¬ 
ers  except  for  the  first  peak  are  not  completely  AF  coupled.® 
It  is  considered  that  ferromagnetically  aligned  layers  lucally 
exist  at  the  second  peak.  Our  results  support  their  picture. 
Magnetization  reversal  of  ferromagnetically  aligned  layers  is 
caused  by  domain  wall  displacement.  Consequently,  the  MR 
response  with  larger  hysteresis  are  observed  at  the  second 
peak. 

To  compare  the  MR  responses  of  these  murltilayers  with 
the  AMR  response  of  a  Permalloy  film,  a  trilayered  MR  el¬ 
ement,  consisting  of  an  amoiphous  CoZrMo  film  as  a  soft 
adjacent  layer,  a  Ta  film  as  a  magnetic  separation  layer,  and  a 
300-A-thick  Permalloy  film  as  a  MR  layer  were  prepared  by 
ion  beam  sputtering.  This  film  has  an  output  level  of  1.0  mV 
with  an  applied  field  of  ±50  Oe  for  the  same  specimen  size. 
As  a  result,  the  output  levels  in  the  linear  regions  for  the 
above  multilayers  obtained  are  1.5-2  times  as  large  as  that  of 
the  Permalloy  film. 

B.  Cu/Co./Cu/NiFe  muitllavers 

MR  properties  of  weakly  coupled  [Cu(jc  A)/Co()'  A)/ 
Cu(x  A)/NiFe(z  A)]io  multilayers  on  varying  each  layer 
thickness  were  investigated.  In  order  to  evaluate  the  symme¬ 
try  and  hysteresis  in  the  MR  curve,  we  define  the  center  field 
of  the  linear  region  and  the  width  of  the  MR  minor  loop  as 
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HG.  4.  MR  response  with  a  50  Hz  ac  applied  fields  of  ±50  Oe  for  Cr(50 
AMCu(45  A)/Co(10  A)/Cu(45  A)/NiFe(10  A)],o. 


FIG.  3.  The  Hq  values  with  dc  applied  fields  on  varying  Cu  layer  thickness 
for  Cr(50  A)/[Cu(x  A)/Co(10  A)/Cu(z  A)/NiFe(10  A)],o. 

Hq  and  H/, ,  respectively,  as  indicated  schematically  in  Fig.  2. 
From  the  '.echnological  point  of  view,  the  Hq  of  zero  and  the 
Hj,  of  zero  are  desirable  to  get  a  symmetric  signal  wave  form 
without  distortion. 

Figure  2  shows  the  H/,  values  with  dc  applied  fields  on 
varying  NiFe  layer  thickness,  in  these  cases  the  Cu  and  Co 
thicknesses  are  fixed  to  be  50  and  10  A,  respectively.  In 
weakly  coupled  Cu/Co/Cu/NiFe  multilayers,  the  MR  profile 
at  around  zero  field  is  determined  by  the  reversal  of  the  mag¬ 
netization  of  the  NiFe  layer.  Therefore,  the  most  effective 
parameter  of  the  H/,  value  is  the  coercive  force  (H<.)  of  NiFe 
layer.  The  H^  of  the  NiFe  layer  decreases  as  the  NiFe  layer 
thickness  decreases.  For  example,  10  Oe  for  [NiFe(20  A)/ 
Cu(50  A)]io  and  7  Oe  for  [NiFe(10  A)/Cu(50  A)]2o.  The  Hf, 
values  decreases  with  decreasing  NiFe  layer  thickness  and 
reaches  zero  at  a  NiFe  layer  thickness  of  10  A.  This  Is  in 
agreement  with  the  tendency  of  the  He  of  NiFe  layers  in 
NiFe/Cu  multilayers.  However,  the  He  of  10-A-thick  NiFe 
layer  is  not  zero.  Therefore,  another  explanation  for  the  H/, 
of  zero  should  be  considered.  One  reason  would  be  a  little 
reversal  of  the  magnetization  of  the  Co  layers.  The  remanent 
magnetization  of  the  Co  layers  was  about  74%  of  saturated 
magnetization  for  [Co(10  A)/Cu(50  A)]2o.  Some  part  of  Co 
spins  rotate  at  zero  field,  and  this  rotation  would  play  a  role 
for  the  Hh  of  zero.  Figure  3  shows  the  Hq  values  with  dc 
applied  fields  on  varying  Cu  layer  thickness,  in  these  cases 
the  NiFe  and  Co  thicknesses  are  fixed  to  be  10  A.  The  Hq 
decreases  as  the  Cu  layer  incre.  'es,  and  becomes  zero  at  a 
Cu  layer  thickness  of  50  A.  Whei  the  Cu  layer  thickness  is 
large  enough,  the  magnetic  interaction  between  NiFe  and  Co 
layers  is  negligible.  However,  the  ferromagnetic  interaction 


increases  with  decreasing  Cu  layer  thickness.  As  a  result,  the 
magnetic  moment  of  the  NiFe  layer  cannot  rotate  indepen¬ 
dently  of  the  Co  layer.  Therefore,  the  magnetization  reversal 
of  the  NiFe  layer  begins  at  larger  applied  field  and  Hq  in¬ 
creases  with  decreasing  Cu  layer  thickness. 

The  MR  response  with  ac  applied  fields  for  {x,y,z) 
=(50,10,10)  of  3X150-/tm^  stripe  exhibits  zero  hysteresis. 
However,  the  center  field  of  the  linear  region  is  -20  Oe,  not 
zero.  The  demagnetizing  field  {H^  for  the  ac  mesurement 
cannot  be  negligible  because  of  the  narrow  stripe  (3X150 
fin?).  Thus  the  effective  external  field  is  shifted  by  about 
Ha,  so  that  Hq  shifts  toward  the  negative  direction.  Figure  4 
shows  the  MR  response  curve  with  ac  applied  fields  of  ±50 
Oe  for  (x,>’,z) =(45,10,10)  of  the  3X150-/im^  stripe,  which 
is  the  Hq  of  about  20  Oe  in  the  dc  fields  with  0.5X10  mm^ 
stripe.  The  output  level  with  ±50  Oe  is  2.7  mV.  That  is 
roughly  two  and  a  half  times  as  large  as  that  of  the  conven¬ 
tional  Permalloy  film,  which  shows  an  output  level  of  1.2 
mV  for  the  same  size  of  the  specimen.  A  large  and  symmetric 
MR  response  with  no  hysteresis  is  realized  in  our  Cu/Co/Cu/ 
NiFe  multilayers. 
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Microstructural  origin  of  giant  magnetoresistance  in  a  new  sensor 
structure  based  ph  iiiFe/Ag  discontinuous  multilayer  thin  films 
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The  origin  of  giant  magnefpres  jstance  (GMR)  in  a  new  sensor  structure  incorporating  discontinuous 
multilayers  (DNtt),of  NiFe- thin  films  separated  by  Ag  interlayers  is  elucidated  by  means  of  x-ray 
diffraction,  x-ray  reflectivity,  and  cross-section  transmission  electron  microscopy.  It  is  shown  that 
the  observed  magnetoresistance,  ~4%-6%  in  fields  on  the  order  of  5-10  Oe  at  25  °C,  is  associated 
with  the  breakup  upon  annealing  of  the  initially  dense,  columnar  superlattice  stmcture  into 
discontinuous  multilayers  of  NiFe  due  to  highly  mobile  Ag  forming  Ag  bridges  between  the  Ag 
layers.  This  observation  supports  a  micromagnetic  model  for  these  structures  that  is  based  on  the 
concept  of  initially  large  ferromagnetic  domains  in  the  as-deposited  NiFe  stmcture,  exhibiting 
negligible  GMR,  breaking  up  into  discontinuous  layers,  exhibiting  an  appreciable  GMR,  with 
antiferromagnetic  ordering  across  the  Ag  interlayers. 


Giant  magnetoresistance  (GMR)  in  multilayer  systems  is 
by  now  a  well-known  effect:^"'*  The  application  of  this  effect 
to  magnetic  read-head  technology,  as  the  so-called  “spin- 
valve,”  has  also  been  well  documented.'*  More  recently,  the 
appearance  of  GMR  in  nonmultilayer  systems  of  granular 
magnetic  particles  in  a  nonmagnetic,  immiscible  matrix, 
which  one  might  call  granular  GMR  (GGMR  or  G^MR),^"® 
has  been  discovered,  leading  many  to  speculate  on  its  appli¬ 
cation  to  head  technology,  as  well.  In  this  paper,  we  demon¬ 
strate  how  to  overcome  the  limited  sensitivity  of  G^MR 
stmctures’  through  a  novel  sensor  stmcture'®  incorporating 
characteristics  of  both  multilayer  GMR  and  G^MR  in  “dis¬ 
continuous”  multilayers  (DMLs).  We  have  previously  specu¬ 
lated  on  how  the  low  field  sensitivity'®  is  achieved  due  to 
reduced  shape  anisotropy  in  DML  as  compared  with  G^MR, 
and  better  control  of  the  interlayer  coupling  in  DML,  as  com¬ 
pared  with  continuous  multilayers  (CMLs).  We  believe  that 
this  is  a  consequence  of  magnetostatically  induced  antiferro¬ 
magnetic  order  in  DMLs  caused  by  the  layer  discontinuities, 
which  distinguish  these  stmctures  from  their  CML 
counterparts,"  which  are  dominated  by  exchange  coupling 
between  layers.  Here,  we  present  microstructural  evidence 
confirming  the  existence  of  these  discontinuities.  In  addition, 
we  demonstrate  that  this  is  a  result  of  the  high  mobility  of 
the  interlayer,  nonmagnetic  species,  Ag,  migrating  into  the 
magnetic  permalloy  multilayers,  most  probably  at  grain 
boundaries  in  the  columnar  stmcture. 

The  stmctures  consisted  of  the  following  nominal 
multilayer  stack:  Ta  (100  \)/Ag(y/2)/[NiFe(Ac)/ 

Ag(y)]4/NiF(!(jc)/Ag(>'/2)/Ta(40  A),  where  y  was  approxi¬ 
mately  40  A,  and  x,  20  A,  deposited  on  approximately  1000 
A  of  SiOj  on  Si.  Tliey  were  prepared  by  S-gun  magnetron 
sputtering  in  a  4%  mixture  at  a  pressure  of  3  mTorr  at 
ambient  temperature.  The  composition  of  the  NiFe  target  was 
nominally  that  of  low  magnetostrictive  permalloy,  i.e., 
NisiFejg.  A  ~150  Oe  magnetic  field  was  applied  during 
deposition  to  give  a  weak  uniaxial  anisotropy  field  of  ~3  Oe. 
The  samples  were  broken  into  strips  8  mm  X  1.5  mm  and 
annealed  at  1  atm  in  5%  Yi-JPtx  in  a  rapid  thermal  annealer 
(RTA)  at  305  °C,  315  “C,  325  “C,  335  “C,  345  'C,  365  ’C, 
and  395  °C  for  10  min,  respectively.  Magnetoresistance  mea¬ 


surements  were  made  at  room  temperature  with  an  in-line, 
four-point  probe  geometry  with  the  magnetic  field  applied 
perpendicular  to  the  direction  of  current  flow,  but  in-plane 
and  along  the  easy  axis  of  the  sample. 

X-ray  diffraction  scans  were  obtained  with  a  D-Max 
1000  system  equipped  with  a  rotating  anode  source  in  the 
conventional  6-20  reflection  geometry.  X-ray  reflectometry 
curves  were  obtained  with  a  GIXR  x-ray  reflectometer  in  the 
specular  scattering  geometry.  Cross-section  TEM  (XTEM) 
samples  were  prepared  using  conventional  methods;'^  spe¬ 
cial  precautions  were  taken  during  ion  milli.)g:  a  LN2  cold 
stage  was  employed  to  preclude  annealing;  and  a  specially 
designed  holder  was  used  to  blank  the  beam  when  incident 
from  the  film  side  of  the  sample,  and  to  allow  milling  at  a  5° 
angle  of  incidence  to  enhance  uniformity.  Images  were  taken 
in  both  bright  field  (BF)  and  dark  field  (DF)  imaging  condi¬ 
tions  on  a  4000FX  with  especially  small  apertures  to  allow 
the  resolution  of  the  superlattice  reflections,  giving  rise  to 
contrast  from  the  individual  NiFe  and  Ag  layers.  Care  was 
taken  to  align  the  sample  along  the  Si  zone  axis,  to  assure 
that  interfaces  cetween  ihe  multilayers  were  aligned  approxi¬ 
mately  parallel  to  the  beam  during  imaging. 

Table  I  shows  the  results  of  annealing  the  multilayers  in 
the  RTA.  It  is  significant  that  the  as-deposited  structures  ex¬ 
hibit  no  GMR,  although  a  small  anisotropic  magnetoresis¬ 
tance  (AMR)  was  measured.  Upon  annealing,  significant 
GMR  develops  in  these  structures;  the  highest  value  being 
>5%  for  the  335  ®C  anneal.  Note,  however,  that  the  highest 


TABLE  I.  Measured  values  of  the  magnetoresistance  in  NiFe/Ag  multilay¬ 
ers  as  a  function  of  annealing  temperature. 


Temperature 

ISRIR  (%) 

FWHM  (Oe) 

Sensitivity  (%/Oe) 

As-deposited 

0.22 

36.3 

0.006 

305 'C 

2.33 

6.2 

0.370 

315 'C 

4.06 

5.1 

0.790 

325  “C 

4.95 

12.6 

0.390 

335  "C 

5.34 

22.6 

0.240 

345 '’C 

4.90 

33.3 

0.150 

365  X 

4.25 

58.0 

0.070 

395  "C 

2.74 

130.0 

0.020 
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20  (dagroM) 

FiG.  1.  High  angle  ^20  x-ray  diffractometer  scans  of  NiFe/Ag  multilayers 
as  a  function  of  annealing  temperature. 


sensitivity,  i.e.,  %^RIR  per  FWHM  of  applied  field,  the  rel¬ 
evant  figure  of  merit  for  a  head  sensor,  was  obtained  for  the 
315  °C  anneal  with  a  value  of  0.8%/Oe.  It  is  also  worth 
noting  that  for  progressively  higher  temperature  anner’s  be¬ 
yond  the  optimum  of  315  "C,  the  FWHM  of  the  peak  in¬ 
creases;  also,  the  absolute  magnitude  of  GMR  begins  to  de¬ 
crease. 

Figure  1  shows  the  results  of  the  6-26  diffraction  scans. 
The  strong  111-type  superlattice  reflections  of  Ag  and  NiFe 
clearly  indicate  that  these  samples  have  a  strong  (111)  fiber- 
axis  texture.  The  spacing  of  the  peaks  in  the  as-deposited 
sample  indicates  a  ~70  A  superlattice  period.  Upon  anneal¬ 
ing,  it  is  apparent  that  the  two  dominant  Ag  peaks  begin  to 
shift  position,  while  the  peaks  associated  with  NiFe  remain 
relatively  unaffected.  The  effect  on  the  Ag  peaks  is  even 
more  pronounced  when  examining  the  Ag  (222)  reflections, 
which  change  from  a  clearly  split  peak  in  the  as-deposited 
structure  to  a  single  broad  peak  near  the  position  for  the 
equilibrium  lattice  parameter  of  Ag  for  the  sample  annealed 
at  395  °C.  These  changes  in  the  Ag  peaks  with  annealing  are 
consistent  with  the  deterioration  of  the  continuity  of  layers  in 
the  superlattice  structure,  and  the  formation  of  agglomera¬ 
tions  of  Ag,  having  the  equilibrium  lattice  parameter  within 
the  structure.  Since  this  occurs  primarily  with  the  Ag  peaks 
and  not  the  NiFe  peaks,  it  is  apparent  that  the  deterioration  is 
not  equivalent  for  both  the  Ag  and  NiFe  layers.  This  is  con¬ 
sistent  with  the  TEM  results  presented  below.  Thus,  the  Ag 
peaks  are  a  complex  mixture  of  nearly  bulk-like  scattering 
from  regions  of  the  film,  where  the  Ag  bridges  across  two  or 
more  NiFe  layers  in  agglomerations,  and  scattering  from  the 
remnants  of  the  initial  Ag  layers  that  are  separated  by  the 
NiFe  layers  in  the  remaining  superlattice  structure.  Since  the 
displaced  NiFe  rather  than  bridging  across  the  Ag  tends  to 
agglomerate  on  the  initial  NiFe  layers,  the  spacing  of  the 
NiFe  reflections  tends  to  preserve  that  of  the  initially  con¬ 


FIG.  2.  Low  angle  x-ray  reflectivity  scans  of  NiFe/Ag  multilayers  as  a 
function  of  annealing  temperature. 


tinuous  multilayer  structure,  which  is  confirmed  by  the  cross- 
section  TEM. 

The  most  likely  way  this  might  occur  is  by  grain  bound¬ 
ary  migration  of  the  Ag.  Modeling  of  these  changes  based  on 
the  concept  of  superlattice  period  is  problematic  because  this 
is  fundamentally  a  new  class  of  structure,  a  “discontinuous” 
multilayer  (DML),  for  which  no  x-ray  diffraction  models 
have  been  published.  Nevertheless,  by  way  of  analogy  with 
continuous  multilayers,  one  might  define  a  “pseudosuperlat¬ 
tice  period”  based  on  the  position  of  the  two  dominant  Ag 
peaks.  Preliminary  analysis  based  on  this  purely  phenomeno¬ 
logical  parameter  showed  that  it  ciiangeJ  linearly  with  an¬ 
nealing  time,  so  that  an  Arrhenius  analysis  of  the  change  in 
this  parameter  as  a  function  of  temperature  could  be  per¬ 
formed;  the  activation  energy  was  found  to  be  1.30±.07  eV, 
which  is  close  to  values  published  for  the  grain  boundary 
diffusion  of  Ag.’^  However,  this  is  not  the  same  as  identify¬ 
ing  the  mechanism  with  grain  boundary  diffusion;  as  in  the 
case  of  Ag/Ni,''*  it  is  likely  that  strain,  as  well  as  interfacial 
energies,  provide  a  significant  driving  force  for  Ag  migra¬ 
tion.  These  observations  are  consistent  with  our  earlier  work® 
on  codeposited  metastable  NiFeAg  alloys,  which,  upon  an¬ 
nealing,  produced  large  precipitate  agglomerations  of  Ag, 
strong  evidence  for  the  high  mobility  of  Ag  in  this  system  at 
these  annealing  temperatures. 

Figure  2  shows  the  results  of  the  GIX  scans  on  these 
samples.  The  intensity  of  the  higher  angle  Bragg  peaks  is 
redu  ed  upon  annealing,  which  is  characteristic  of  “rough¬ 
ening”  of  the  interfaces.'^  However,  as  the  TEM  data  will 
show  below,  this  was  not  the  simple  interfacial  “roughen¬ 
ing”  that  is  often  seen  during  the  annealing  of  superlattices, 
but  is  undoubtedly  affected  by  the  formation  of  Ag  intrusions 
into  the  Nipf*  layer,  as  well.  Due  to  the  mutual  insolubility 
and  immiscibility  of  Ag  with  NiFe,  it  is  problematic  to  use 
the  term  “intermixing”  for  this  effect. 

The  XTEM  micrographs  of  Fig.  3  show  definitive  micro- 
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FIG.  3.  Cross-MCtion  TEM  micrographs  of  (he  as-deposited  NiFe/Ag 
multiiayer  and  the  sample  annealed  at  39S  °C  for  10  mins.  Legend:  micro¬ 
graphs  of  the  as-deposited  structure  (a)  in  BF,  (b)  in  DF  using  the  Ag  111* 
reflection,  and  (c)  in  DF  using  the  NiFc  111*  reflection;  and  micrographs  of 
the  post-annealed  structure  (d)  in  BF,  (e)  in  DF  using  the  Ag  111*  reflection, 
and  (f)  in  DF  using  the  NiFc  111*  reflection.  “Ag-bridges”  (arrowed  in  e) 
are  apparent  in  the  post-annealed  structure,  as  arc  the  corresponding  "NiFe 
gaps”  (arrowed  in  f). 


Structural  evidence  in  support  of  the  interpretation  of  the  pre¬ 
vious  x-ray  data.  Figure  3(a)  is  a  BF  micrograph  of  the  as- 
deposited  structure;  the  overall  thickness  of  the  film  is  ~552 
A.  Note  that  the  interface  with  the  substrate  is  rather  smooth, 
but  that  the  upper  layer  has  what  appears  to  be  a  relatively 
“rough”  oxide  on  the  Ta  layer,  ~10  A  peak  to  valley.  The 
roughness  of  the  interfaces  of  the  intervening  layers  is  some¬ 
where  in  betv'een  these  two  values.  Streaks  are  present  in  the 
image  that  cross  the  layers  transversely,  indicative  c*'  ;  x- 
lumnar  structure,  as  reported  for  other  multilayers. Figure 
3(b)  is  a  DF  micrograph  of  the  as-deposited  structure  ob¬ 
tained  with  the  Ag  superlattice  reflections.  Columnar  stacks 
of  silver  layers  are  clearly  in  evidence  at  the  location  of  the 
previously  identified  streaks.  The  edges  of  these  stacks  are 
located  where  the  film  changes  crystallographic  orientation, 
and  thus  are  most  likely  grain  boundaries.  It  is  clear  that 
even  though  the  layers  are  rather  rough,  there  are  no  loca¬ 
tions  where  a  Ag  laye<-  “bridges”  across  the  NiFe  layer  to 
make  contact  with  an  adjacent  Ag  layer,  i.e.,  the  layers  are 


well  separated.  The  DF  image  of  the  NiFe  layer  [see  Fig. 
3(c)]  likewise  shows  welMelimited  columns,  and  well- 
separated  layers.  The  BF  image  of  the  post-annealed  sample 
(at  395  °C)  is  shown  in  Fig.  3(d).  The  DF  image  using  the  Ag 
superlattice  reflections  [see  Fig.  3(e)]  shows  “Ag  bridges” 
across  the  NiFe  layers  [the  arrow  in  Fig.  3(e)].  Although  “Ag 
bridges”  were  seen  in  structures  annealed  at  lowei  tempera¬ 
tures,  the  sample  annealed  at  395  "C  much  more  dramati¬ 
cally  shows  this  effect.  The  “ Ag  bridges”  give  rise  to  regions 
where  the  Ag  layer  thickness  is  in  excess  of  two  times  its 
initial  value.  Figure  3(f)  shows  that  the  excess  intensity  in 
the  Ag  DF  image  is  complemented  by  a  lack  of  intensity  in 
the  NiFe'DF  image  at  the  location  of  “Ag  bridges,”  indicat¬ 
ing  that  “NiFe  gaps”  have  formed,  where  NiFe  has  been 
displaced  by  Ag. 

In  conclusion,  clear  structural  evidence  has  been  pre¬ 
sented  for  the  attendant  breakup  of  the  NiFe  layer  with  a 
concomitant  appearance  in  GMR  upon  annealing.  It  is  a  rea¬ 
sonable  inference  that  the  formation  of  such  discontinuous 
multilayers  should  give  rise  to  corresponding  micromagnetic 
changes.  Magnetostatic  coupling  between  layers  in  these 
DMLs  may  well  give  rise  to  the  hypothesized  antiferromag- 
netically  ordered  structure,  accounting  for  the  observed 
GMR  increases.*'*’'^ 
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Tluee-dimensional  micromagnetic  modeling  of  shielded  giant  magnetoresistive  heads  with  a 
spin-valve  sensor  is  presented.  If  the  pinning  field  firom  the  exchange  layer  is  not  large  enough, 
partial  unsaturation  of  the  pinned  layer  occurs  upon  excitation  from  the  medium,  which  may  cause 
down-track  output  noise.  Increasing  the  pinning  strength  diminishes  the  playback  instability, 
however,  a  larger  sensor  height  is  then  des'rable  for  the  ease  of  proper  biasing,  but  at  the  expense 
of  on-track  sigiial  level.  The  free  layer  magnetization  is  nominally  horizontal,  reducing  off-track 
asymmetry  compared  to  heads  with  smaller  sensor  height. 


I.  INTRODUCTION 

The  spin-valve  structure  exhibits  giant  magnetoresis¬ 
tance  (GMR)*  and  is  an  ideal  candidate  for  high  density  MR 
reproduce  sensors.  When  placed  within  two  soft  ferromag¬ 
netic  shields,  such  a  GMR  head  yields  significantly  larger 
signals  and  sensitivities  compared  to  conventional  MR  heads 
that  utilize  the  anisotropic  magnetoresistance  effect.  Re¬ 
cently,  an  unshielded  spin-valve  sensor  was  demonstrated, 
and  its  operation  in  a  shielded  environment  was  predicted  by 
a  two-dimensional  model.**  A  three-dimensional  micromag¬ 
netic  model^''*  is  presented  here  to  characterize  the  perfor¬ 
mance  and  optimization  criteria  of  such  a  shielded  spin-valve 
head.  Narrow  gap  and  read  track-width  are  assumed  in  this 
work  to  assess  head  response  in  ultrahigh  density  recording 
applications.  Proper  biasing,  as  well  as  down-track  and  off¬ 
track  responses  are  simulated  by  the  model,  and  design  is¬ 
sues  on  final  heads  are  addressed. 

II.  MODELING  SCHEME 


where  is  the  sheet  resistance  of  the  entire  sandwich  stmc- 
ture,  assumed  to  be  20  fl/D.  When  the  actual  change  of 
output  is  calculated,  Eq.  (1)  should  be  subtracted  by  its  value 
at  the  biased  state.  The  anisotropic  magnetoresistance  is  ne¬ 
glected,  since  the  A/?/R  ratio  is  smaller  than  that  of  the 
GMR  effect,  typically  by  an  order  of  magnitude.® 

Only  the  magnetic  layers  are  discretized  for  micromag¬ 
netic  simulations,  and  a  periodic  boundary  condition  is  uti¬ 
lized  at  the  horizontal  edges  of  the  discretized  region,  to 
simulate  a  large  total  track  width.  The  detailed  formulation 
of  the  model  has  been  discussed  previously.''  The  gap  length 
is  0.18  yum,  and  the  active  track  width  is  0.5  yum.  The  spin- 
valve  sensor  is  centered  within  the  gap,  with  the  center  of  the 
free  layer  at  the  midpoint.  The  distance  between  the  air  bear¬ 
ing  surface  (ABS)  and  the  medium  center  is  250  A,  and  the 
medium  moment  thickness  product  is  0.8  memu/cm^.  Iso¬ 
lated  transitions  with  ‘ransition  width  of  200  A,  and  nominal 
recorded  track  width  o."  0.75  yum  are  utilized  as  dynamic 
excitation  sources. 


A  generic  spin-valve  structure  consists  of  two  ferromag¬ 
netic  transition  metal  or  alloy  layers  separated  by  a  nonmag¬ 
netic  noble  metal  layer,  with  one  of  the  magnetic  films 
pinned  by  an  adjacent  exchange  film.  A  nominal  structure  of 
NiFe  (100  A)/Cu  (30  A)/NiFe  (70  A)/AF  (e.g.,  FeMn)  is 
chosen  in  this  work.  A  giant  magnetoresistance  ratio  AR/R 
=6%,  and  a  small  ferromagnetic  interlayer  coupling  field  of 
10-20  Oe  between  the  two  ferromagnetic  permalloy  films* 
are  assumed.  A  schematic  of  the  head  structure  is  shown  in 
Fig.  1  (the  shields  are  not  shown).  Outside  the  track-width 
defining  region,  the  current  is  assumed  to  flow  horizontally 
only  in  the  current  leads;  in  the  active  region,  the  current 
density  is  distribi.'*ed  only  in  the  NiFe/Cu/NiFe  sandwich, 
mostly  in  the  Cu  spacer  layer,  since  the  resistivity  of  the 
FeMn  layer  is  typically  much  higher.®  A  detailed  calculation 
of  the  cunent  distribution  for  such  a  thin  multilayer  system 
can  be  carried  out  using  semiclassical  electro-transport 
theory.^  The  spin-valve  magnetoresistance  is  proportional  to 
the  cosine  of  the  relative  angle  AR  between  the  magnetiza¬ 
tions  of  the  two  magnetic  films,*  therefore  the  output  re¬ 
sponse  can  be  expressed  as  follows: 


W  l-(cos(AR)) 

T  2 


(1) 


III.  SHIELDED  SPIN-VALVE  HEAD  RESPONSE 
A.  Proper  biasing 

The  biasing  principle  and  opeiation  scheme  of  the  spin- 
valve  sensor  have  been  discussed  previously.^  The  goal  is  to 
maintain  the  pinned  layer  in  vertical  saturation,  while  biasing 
the  free  layer  magnetization  in  the  horizontal  direction  as 


FIG.  1.  Schematics  of  a  GMR  spin-valve  head  (shields  not  shown). 
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FIG.  2.  Biasing  level  (circles)  and  peak-to-peak  voltage  (triangles)  vs  sense 
current  density  for  A  =0.5  fim,  coupling  field  of  10  Oe,  and  pinning  firld  of 
100  Oe.  The  isolated  transition  width  is  0.75  /tm. 


much  as  possible,  in  order  to  achieve  maximum  response 
symmetry  and  linearity  under  external  excitation.  For  a  prop¬ 
erly  biased  state,  the  magnetizations  of  the  two  magnetic 
layers  are  perpendicular  to  each  other,  therefore 
(cos(A0))=O.  Figure  2  shows  the  biasing  level  and  on-track 
peak-to-peak  output  voltage  dependencies  on  the  sense  cur- 
reitt  density  when  the  sensor  height  is  0.5  /tm.  The  pinning 
field  from  the  exchange  layer  is  100  Oe,  and  the  interlayer 
coupling  field  is  10  Oe.  TTie  current  direction  is  along  the 
positive  X  direction,  as  shown  in  Fig.  1,  in  order  to  generate 
an  opposing  field  to  the  demagnetizing  field  from  the  pinned 
layer  acting  on  the  free  layer.  Optimum  biasing  is  obtained  at 
6xlO’-A/cm^  current  density,  at  which  the  peak  asymmetry 
from  reading  an  on-track  isolated  transition  is  also  mini¬ 
mized.  With  this  biasing  cunent,  the  output  amplitude  is  660 
fiV  per  micron  of  read  track  width,  which  exceeds  the  regu¬ 
lar  MR  output  level  of  300-400  fiV/fim  for  the  next  genera¬ 
tion  1-2-Gbit/in.^  areal  density  read  head  demon- 
strations.®''” 

Figure  3  shows  the  magnetization  configur-^tions  of  the 
biased  state  with  current  density  7=6X10’  A/cm^.  For  clar¬ 
ity,  only  half  of  the  actual  discretized  magnetization  vectors 
are  shown.  It  is  seen  that  the  magnetization  of  the  pinned 
layer  is  not  fully  saturated  vertically,  due  to  a  large  demag¬ 
netizing  field  and  a  relatively  small  pinning  field.  Corre¬ 
spondingly,  the  free  layer  magnetization  is  not  horizontal,  in 
order  to  be  perpendicular  to  the  pinned  magnetization  on  the 
average;  its  biasing  angle  measured  from  the  positive  x  axis 
is  approximately  - 15°  throughout  the  stripe  height.  The  net 
horizontal  magnetization  components  are  parallel  for  the  two 
films,  due  to  the  interlayer  ferromagnetic  coupling.  This 
small  ferromagnetic  coupling  field  is  advantageous  for  prop¬ 
erly  biasing  the  free  layer,  since  it  opposes  the  demagnetiz¬ 
ing  field  from  the  pinned  layer  and  inhibits  irreversible 
switching  of  horizontal  magnetizations  favored  by  the  mag¬ 
netostatic  coupling  between  the  two  films.  However,  if  this 
field  is  too  large,  its  coupling  could  bring  the  pinned  layer 
out  of  saturation  and  induce  response  nonlinearity;’  worse 
yet,  if  the  two  permalloy  films  are  strongly  coupled,  their 
magnetizations  would  be  nominally  parallel  to  each  other 


FIG.  3.  Biasing  magnetizations  forT=6X10’ A/cm^  with  head  parameters 
id.'ntical  to  Fig.  2.  (a)  Free  layer;  (b)  pinned  layer. 


under  most  excitations,  and  the  spin-valve  GMR  effect 
would  be  lost.^ 

B.  Down-track  response 

Figure  4  shows  the  down-track  response  to  an  isolated 
(tail-to-tail)  transition  with  negative  polarity.  The  solid  curve 
represents  the  case  with  the  above  biasing  condition.  Only 
the  change  of  the  average  normalized  resistance  cos(A6)  is 
plotted,  in  order  to  illustrate  the  actual  swing  of  magnetiza¬ 
tion  from  its  quiescent  value.  The  maximum  signal  occurs 
before  the  transition  center  is  directly  underneath  the  free 
layer,  and  a  finite  reversible  jump  is  observed  on  the  trailing 
side  of  the  gap  center.  As  a  comparison,  the  down-track  pulse 
for  the  same  transition  with  the  following  different  head  pa¬ 
rameters  is  also  included  in  Fig.  4:  sensor  height  h  =  l  /im, 
sense  current  density  7=2X10’  A/cm’,  interlayer  coupling 
field  of  20  Oe,  and  pinning  field  of  1000  Oe.  The  maximum 
output  now  occurs  when  the  transition  center  is  directly  un¬ 
derneath  the  free  layer,  and  no  noise  spike  appears.  This 
indicates  that  with  a  weaker  pinning  field,  the  pinned  layer 
also  participates  in  responding  to  the  excitation  from  the  me¬ 
dium,  modulating  the  free  layer  response  and  inducing  non¬ 
linearity  or  even  read-back  noise. 

The  magnetization  state  corresponding  to  the  Jump  is 
shown  in  Fig.  5.  The  magnetizations  of  the  pinned  layer  near 
the  ABS  come  out  of  saturation  and  reverse  their  orienta- 


Z  (/tzm) 

FIG.  4.  Down-track  responses  to  an  isolated  negative  transition.  Solid:  head 
biased  as  in  Fig.  3;  dashed:  A  =  1  fira,  coupling  field  of  20  Oe,  pinning  field 
of  1000  Oe,  and  J=2X  10’  A/cm’. 
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FIG.  5.  Magnetization  states  conespondihg  to  the  noise  spike  in  Fig.  4. 

lions,  forming  an  edge  domain  wall  along  the  lower  film 
surface.  The  free  layer  magnetization,  however,  does  not 
show  irregular  domain  activity,  indicating  that  additional  sta¬ 
bilization  may  not  be  necessary  for  this  layer.  The  maxinium 
transition  field  at  the  ABS  is  larger  than  1000  Oe,  for  the 
chosen  head-medium  parameters,  which,  together  with  the 
current  field,  appears  to  overcome  the  demagnetizing  field 
and  the  piniiing  field  combined  on  the  pinned  layer.  When  a 
transition  with  positive  polarity  (head-on  transition)  is  played 
back,  the  output  pulse  has  a  noise-free  unipolar  shape,  be¬ 
cause  the  transition  field  is  now  along  the  saturation  direction 
of  the  pinned  layer. 

From  Fig.  4,  it  is  seen  that  the  positive  maximum  change 
of  cos(A0)  is  smaller  for  larger  sensor  height  (0.24  for  ft =1 
fim  as  compared  to  0.31  for  ft =0.5  fim).  The  peak-to-peak 
change  of  the  average  cos(Ad)  is  also  slightly  smaller  for  the 
larger  sensor  height  (0.60  for  ft =1  /rm  vs  0.61  for  ft  =0.5 
/rm),  caused  by  the  increase  of  biasing  angle  at  midsensor,  in 
agreement  wi  h  Ref.  2.  For  the  l-/im  sensor  height,  the  bi¬ 
asing  angle  of  the  free  layer  is  more  than  -30’  at  the  sur¬ 
faces  and  slightly  above  0®  at  the  midheight.  The  pinned 
layer  is  now  almost  completely  saturated,  with  a  demagne¬ 
tizing  field  characteristic  of  a  permanent  magnet.  Increasing 
the  sense  current  density  to  10®  A/cm^  still  cannot  drive  the 
surface  magnetizations  of  the  pinned  layer  to  the  horizontal 
direction. 

C.  Off-track  response 

The  off-track  responses  of  the  above  two  head  configu¬ 
rations  are  compared  to  each  other.  Figure  6  shows  the  mi¬ 
crotrack  profiles  with  a  record  track  width  of  0.05  /rm.  The 
solid  curves  represent  the  case  with  smaller  sensor  height 
and  smaller  pinning  field,  and  clearly  show  an  jffset  of  the 
magnetic  center  and  an  undershoot  of  peak  signals  on  one 
bide  of  the  head-medium  alignment,  due  to  the  nonzero  bi¬ 
asing  angle  mentioned  in  Sec.  Ill  B.  The  off-track  asymmetry 
in  this  case  is  more  severe  than  those  predicted  in  a  conven¬ 
tional  shielded  MR-SAL  head  with  comparable  gap  spacing."* 
The  head  with  a  larger  sensor  height  is  biased  better  around 
0®,  therefore  the  off-track  profile  is  more  symmetric  with  no 
undershoots.  The  magnetic  center  is  only  slightly  offset,  due 
to  the  fact  that  the  magnetizations  of  the  free  layer  close  to 
the  ABS  are  still  not  horizontal.  Patterned  exchange  biasing 
the  free  layer  horizontally  at  the  edge  regions  does  not  seem 
to  reduce  this  offset  substantially. 


X  (/xm) 


FIG.  6.  Microlrack  off-track  profiles.  S  .id  and  dashed  curves  have  the 
same  correspondences  as  in  Fig.  4. 


iV.  REMAR^CS 

Given  a  limited  biasing  current  density,  a  larger  sensor 
height  is  desirable  for  the  ease  of  biasing  the  free  layer  hori¬ 
zontally  and  for  reducing  off-track  asymmetry.  However,  in¬ 
creasing  the  sensor  height  results  in  a  loss  of  on-track  signal 
due  to  the  following  two  reasons:  first,  the  required  biasing 
current  density  is  smaller,  and  the  total  resistance  of  the 
sandwich  structure  is  smaller,  so  that  the  prefactor  in  Eq.  (1) 
decreases;  second,  the  pea’:  change  of  the  average  cos(A0) 
upon  excitation  from  the  medium  also  decreases,  since  the 
biasing  angle  at  midsensor  increases.  This  tradeoif  must  be 
considered  when  optimizing  the  spin-valve  head  design. 
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Micromagnetic  study  of  narrow  track  orthogonal  giant  magnetoresistive 
heads 

Yimin  Guo  and  Jian-Gang  Zhu 

The  Center  for  Micromagnetics  and  Information  Technologies,  Department  of  Electrical  Engineering, 

University  of  Minnesota,  Minneapolis,  Minnesota  55455 

Orthogonal  narrow  track  magnetoresistive  heads  using  giant  magnetoresistive  multilayers  have  been 
studied  by  micromagnetic  modeling.  The  modeling  shows  .hat  the  hysteresis  arises  from  irreversible 
switching  of  the  edge-curling  wall  (ECW)  on  the  side  edges  of  the  giant  magnetoresistive  (GMR) 
sensor  layers.  Effects  of  thickness  and  interlayer  exchange  coupling  on  the  switching  of  the  ECW 
are  analyzed.  It  is  also  found  that  if  the  interlayer  exchange  coupling  is  ferromagnetic,  the  GMR 
orthogonal  head  has  significant  high  signal  amplitude. 


I.  INTRODUCTION 

Future  high  track  density  recording  requires  submicron 
track  width  magnetoresistive  heads.  The  orthogonal  MR 
head  design  has  been  proposed  for  narrow  track  recording 
since  its  signal  amplitude  is  independent  of  track  width.*’^ 
However,  since  the  current  flows  vertically  to  the  air  bearing 
surface,  the  recession  of  the  magnetoresistive  (MR)  sensor 
sensing  region  due  to  the  bottom  conducting  lead  yields  a 
reduction  of  the  head  sensitivity.  Utilizing  the  giant  magne¬ 
toresistive  (GMR)  film  as  a  sensor,  the  small  signal  ampli¬ 
tude  can  be  overcome  by  the  relatively  large  magnetoresis¬ 
tance  ratio  of  GMR  films.^ 

In  this  paper,  we  present  results  of  a  micromagnetic 
modeling  study  on  orthogonal  GMR  heads  with  narrow  track 
width  (IF=1  /xm).  The  model  assumes  that  the  sensor  ele¬ 
ment  is  made  of  a  giant  magnetoresistive  sandwich  film.  The 
study  focuses  on  hysteresis  in  the  GMR  output  response  and 
underlying  physical  mechanism.  Dynamic  range  and  head 
sensitivity  are  also  analyzed. 

II.  MODEL  AND  HEAD  GEOMETRY 

Figure  1  shows  a  schematics  for  the  modeled  GMR  sen¬ 
sor.  The  GMR  element  is  a  trilayer  film  MLit  nm)/NML{2.5 
nm)/A/L(r  nm),  which  is  4  ptm  in  height  and  1  /rm  in  width. 
In  the  modeling,  the  thickness  of  each  magnetic  layer  is  var¬ 
ied  in  a  range  from  7  to  20  nm.  An  interlayer  exchange 
coupling  field,  ,  between  the  two  magnetic  layers  in  the 
GMR  film  is  assumed.  The  value  of 'S  varied  from  -30 
to  -t-30  Oe,  i.e.,  from  antiferromagnetic  to  fenomagnetic  in 
nature.  The  intrinsic  anisotropy  easy  axis  is  a.ssumed  to  be 
horizontal  with  a  magnitude  of  Hk=2.5  Oe.  The  vertical 
sensing  current  generates  antiparallel  horizontal  fields  (//^) 
in  the  two  magnetic  layers.  An  additional  vertical  biasing 
field  (Hy)  is  provided  by  the  current  flowing  horizontally  in 
a  conductor  over  the  GMR  element.  The  sensor  is  placed  at 
the  center  of  two  soft  magnetic  shields  with  assumed  infinite 
permeability.  The  distance  between  the  two  shields,  i.e.,  the 
gap  length,  is  assumed  to  be  0.5  /xm. 

A  three-dimensional  micromagnetic  model"*  is  utilized  to 
study  the  performance  characteristics  and  domain  structures 
of  the  GMR  trilayer  film.  Each  magnetic  layer  is  discretized 
into  a  two-dimensional  array  of  200X50  elements.  Within 


each  element,  the  magnetization  is  assumed  to  be  always 
uniform.  Both  the  magnetostatic  and  the  exchange  energies 
are  included.  The  saturation  magnetization  of  each  magnetic 
layer  in  the  sensor  is  chosen  to  be  Af^=800  emu/cm^  and  the 
within-layer  exchange  energy  constant  A = l.OX  10”®  erg/cm. 
Coupled  Landau-Lifshitz  dynamic  equations  are  integrated 
for  the  magnetization  distribution  in  the  GMR  sensor. 

It  is  assumed  that  external  field  away  from  the  gap  of 
shields  is  spatially  uniform  and  the  field  along  the  GMR 
sensor  is  calculated  exactly  by  using  two-dimensional  con¬ 
formal  mapping  method  with  assuming  infinite  permeability 
for  the  shields.  In  this  study,  the  values  of  the  external  field 
refened  in  this  paper  are  the  field  intensities  at  the  bottom  of 
GMR  element  (at  ABS).  Keep  in  mind  that  the  field  at  ABS 
is  much  higher  than  the  uniform  field  far  away  due  to  the  soft 
shields.  Most  of  the  calculations  are  performed  on  a  Sun 
SPARC-2  workstation. 

III.  RESULTS  AND  DISCUSSION 
A.  Hysteresis  mechanism  and  switching  field 

The  magnetizations  of  the  two  magnetic  layers  are  ini¬ 
tially  set  antiparallel  in  the  horizontal  direction  before  the 
application  of  the  vertical  bias  field.  The  magnitude  of  the 


FIG.  1.  The  schematics  of  the  modeled  orthogonal  GMR  head,  h  is  the 
height  of  the  sensing  region,  measured  between  the  two  current  leads. 
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MAGNETIC  FIELD  (  Oe  )  AT  ABS 

FIG.  2.  Calculated  GMR  output  for  the  external  field  varied  from  zero  to 
-800  Oe  and  then  to  +800  Oe. 


bias  field  is  set  such  that  the  angle  between  magnetization 
orientations  of  two  magnetic  layers  in  the  center  region  is 
about  90°  at  external  field  free  equilibrium  state.  The  current 
leads  on  the  sensor  are  0.5  /m  in  height.  Figure  2  shows  a 
calculated  GMR  output  as  a  function  of  the  external  field.  In 
this  case,  the  two  magnetic  layers,  each  20  nm  thick,  are 
separated  by  a  nonmagnetic  layer  with  2.5  nm  thickness.  An 
//exch~“30  Oe  antiferromagnetic  exchange  field  is  assumed 
between  the  two  magnetic  layers. 

The  external  field  value  is  varied  from  zero  to  -800  Oe 
then  to  +800  Oe  quasistatically.  As  shown  in  the  figure,  at 
-450  Oe,  the  GMR  output,  {cos  0i_2),  exhibits  a  large  abrupt 
jump.  As  the  field  returns  to  zero,  the  GMR  output  takes  a 
different  path,  starting  where  the  jump  occuned,  yielding  a 
well-pronounced  hysteresis. 

The  simulated  magnetization  patterns  show  that  the  irre¬ 
versible  jump  in  the  GMR  output  is  caused  by  an  ineversible 
switching  of  the  edge-curling  wall  at  side  edges  of  the  two- 
layer  sensor  element.^  Figures  3(a)  and  3(b)  show  the  corre- 


FIG.  3.  (a),(b)  Simulated  magnetization  configurations  in  the  two  magnetic 
layers  at  point  A  and  B  on  the  GMR  output  curve  shown  in  Fig.  2. 


Thickness  of  each  magnetic  layer  (  nm  ) 


FIG.  4.  Calculated  switching  field  as  a  function  of  the  thickness  of  each 
magnetic  layer. 


spending  magnetization  patterns  of  the  two  magnetic  layers 
before  the  switching  (a)  and  after  the  switching  (b),  respec¬ 
tively.  Prior  to  the  application  of  the  external  field,  the  mag¬ 
netizations  in  the  middle  region  of  two  magnetic  layers  are 
oriented  about  45°  and  -45°  away  from  the  vertical  axis, 
respectively;  while  the  magnetizations  at  side  edges  of  both 
magnetic  layers  essentially  point  upward  along  the  side  edge 
due  to  the  edge  demagnetizing  field,  yielding  formation  of 
ECW.  At  point  A,  due  to  the  downward  external  field,  the 
magnetization  near  the  bottom  region  of  the  sensor  is  almost 
horizontal,  leaving  narrow  ECWs  at  two  sides.  A  slight  in¬ 
crease  of  the  external  field  yields  an  irreversible  reversal  of 
the  ECW  on  one  of  the  side  edges  (point  B).  The  reversal 
only  occurs  at  one  side  edge  on  one  layer  and  the  opposite 
side  edge  on  the  other  layer,  because  a  switched  ECW  sta- 
blizes  the  unswitched  ECW  in  the  other  layer  through  both 
the  interlayer  magnetostatic  coupling  and  antiferromagnetic 
exchange  coupling.  The  reversal  of  the  ECW  yields  a  rela¬ 
tively  large  change  of  the  magnetization  orientations  in  the 
sensor,  thereby  resulting  in  a  large  jump  in  the  GMR  output. 
Further  increasing  the  external  field  actually  yields  a  steady 
propagation  of  the  ECW  reversal  along  the  edge.  Reducing 
the  field  magnitude,  the  reversed  ECW  reverses  magnetiza¬ 
tion  direction  again  to  initial  upward  direction,  starting  from 
the  top  of  the  reversed  segment.  When  the  field  magnitude 
returns  to  a  small  value,  the  reversed  ECW  .rreversibly  van¬ 
ishes  from  the  sensor  corner,  yielding  a  small  jump  in  the 
GMR  output  shown  in  Fig.  2.  The  above  results  clearly  dem¬ 
onstrate  that  the  hysteresis  of  the  GMR  output  is  caused  by 
irreversible  switching  and  propagation  of  the  edge-curling 
wall. 

In  the  above  case,  before  the  external  field  reaches  the 
field  value  where  the  jump  occurs,  referred  to  as  switching 
field  here  after,  the  GMR  output  is  completely  without  hys¬ 
teresis.  Figure  4  shows  the  calculated  switching  field  as  a 
function  of  the  thickness  of  magnetic  layer.  It  is  found  that 
the  switching  field  increases  almost  linearly  with  the  thick¬ 
ness.  This  is  because  that  in  thicker  films,  the  width  of  ECW 
is  larger  due  to  the  larger  demagnetizing  field,  therefore  a 
larger  switching  field  is  needed  to  result  in  ECW  reversal. 
Figure  5  shows  the  c'>'culated  switching  field  as  a  function  of 
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Interlayer  exchange  fie'd  (  Oe  ) 

FIG.  5.  Calculated  switching  field  as  a  function  of  the  interlayer  exchange 
coupling  field. 
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Interlayer  exchange  field  (  Oe  ) 

FIG.  6.  Calculated  sensitivity  and  estimated  flux  decay  length  as  functions 
of  the  interlayer  exchange  coupling  field. 


the  interlayer  exchange  field.  As  the  exchange  coupling 
changes  from  antiferromagnetic  to  ferromagnetic,  'he  switch¬ 
ing  field  increases. 


B.  Sensitivity  and  flux  decay  length 


The  flux  decay  length,  defined  as  X  in  AM^(y) 
=  AA/j,(0)e"^^^,  y  is  the  vertical  distance  measured  from 
ABS,  is  an  important  factor  in  orthogonal  head  design  due  to 
the  bottom  current  lead.  In  GMR  head,  the  interlayer  ex¬ 
change  coupling  can  significantly  affect  the  flux  decay 
length.  The  interlayer  exchange  energy  density:  E„ch 
cos(20)= -2f//„ch^4  sin^(0)+ constant,  results 
in  an  effective  anisotropy  field  in  ih®  horizontal 

direction.  Following  the  same  approach  by  Wang,^  the  flux 
decay  length  can  be  approximately  expressed  as 


X  = 


(1) 


where  t  is  the  thickness  of  each  magnetic  layer,  g  is  the  gap 
length  between  the  shields,  and  6  is  the  angle  of  the  magne¬ 
tization  orientation  of  the  film  with  respect  to  the  horizontal 
direction.  Figure  6  shows  the  calculated  sensitivity  and  esti¬ 
mated  flux  decay  length  as  functions  of  exchange  strength. 
As  shown  by  the  formula  and  curves  in  the  figure,  a  ferro¬ 
magnetic  exchange  gives  rise  to  a  larger  flux  decay  length 
and  consequently  a  higher  head  sensitivity. 


IV.  CONCLUSION 

A  micromagnetic  modeling  study  has  been  performed  to 
study  a  narrow  track  orthogonal  MR  head  with  a  GMR  sand¬ 
wich  film  as  the  magnetoresistive  sensor.  It  is  found  that 
irreversible  switching  of  the  edge-curling  wall  at  the  side 
edges  of  the  sensor  film  is  one  mechanism  for  hysteresis  in 
the  orthogonal  GMR  output.  Irreversible  propagation  of  the 
edge-curling  wall  reversal  yields  a  large  jump  in  the  GMR 
output.  Reduction  of  antiferromagnetic  interlayer  exchange 
coupling  and  increase  of  the  magnetic  layer  thickness  can 
increase  the  critical  switching  field  of  ECWs.  Fenomagnetic 
interlayer  exchange  coupling  also  enhances  the  head  sensi¬ 
tivity. 
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The  effecte  of  dynamic  domain  instability  on  popcorn  noise  probabilities  were  studied  by  correlating 
the  measured  popcorn  noise  probabilities  with  the  instantaneous  observations  of  dynamic  domain 
states  of  thin-film  heads  during  and  after  writing.  Heads  with  large  peak  popcorn  noise  probabilities 
at  intermediate  values  of  write  current  amplitude  were  observed  to  exhibit  asymmetric  domain 

patterns  and  occasional  popping  wall  motion  in  the  yoke  structure  during  writing.  The  occurrences . 

of  dynamic  domain  instability  were  imaged  by  comparing  many  instantaneous  domain  patterns  at  10 
fjs  after  a  specific  write  current  excitation.  Delayed-relaxation  Barkhausen  wall  jumps  near  the 
backgap  closure  were  observed  occasionally  in  several  noisy  heads.  Quantitative  correlation 
between  the  probabilities  of  popcorn  noise  and  dynamic  domain  instability  was  also  obtained  in  a 
very  noisy  head.  Dynamic  domain  instabilities  in  the  yoke  are  thus  responsible  for  the  peak  popcorn 
noise  probabilities  in  thin-film  heads. 


I.  INTRODUCTION 


III.  EXPERIMENTAL  RESULTS 


As  the  areal  density  and  data  rates  in  magnetic  -ecoring 
continue  to  increase,  it  is  important  to  limit  the  readback 
noise  in  thin-film  heads.  Popcorn  noise,  which  consists  of 
large  noise  spikes  occurring  shortly  (on  the  order  of  micro¬ 
seconds)  after  writing,  is  detrimental  to  the  reading  operation 
immediately  after  write,  for  instance,  in  disk  drives  utilizing 
sector  or  imbedded  servo  schemes.  This  noise  phenomenon 
has  been  explained  to  be  causeo  predominantly  by  stress- 
induced  delayed-relaxation  Barkhausen  wall  jumps.*  The 
stress  changes  were,  in  turn,  explained  to  be  caused  by  the 
rapid  cooling  off  of  thin-film  heads  after  write.  Assuming  the 
domain  patterns  during  writing  are  stable  and  fixed,  the  oc¬ 
currence  of  popcorn  noise  was  modeled  as  a  Poisson 
process.*  However,  dynamic  domain  state  conversions  due  to 
different  write  current  amplitudes  and  frequencies  as  well  as 
the  dynamic  domain  instabilities  associated  with  conversion 
boundaries  between  different  dynamic  domain  states  have 
been  observed  in  thin-film  heads.^"^  In  this  investigation,  the 
effects  of  dynamic  domain  instability  on  the  popcorn  noise 
probabilities  were  studied  by  measuring  the  popcorn  noise 
probabilities  with  a  Barkhausen  noise  tester  and  correlating 
them  with  0.5-ns  exposure  time  wide-field  Kerr  effect  micro¬ 
scope  observations  of  changes  in  dynamic  domain  states  of 
several  30-tum  thin-film  heads  during  and  after  writing. 


II.  EXPERIMENTAL  APPARATUS 

A  Barkhausen  noise  tester,  similar  to  those  described  in 
Refs.  1  and  4,  was  used  to  measure  the  popcorn  noise  prob¬ 
abilities  in  thin-film  heads.  A  wide-field  Ksrr-effect  micro¬ 
scope  with  a  0.5  ns  exposure  time  was  used  to  observe  the 
instantaneous  magnetization  response  on  the  top  yoke  of 
thin-film  heads  during  and  after  the  write  cunent  cycles.  In 
this  system,  a  pulsed  laser  with  a  pulse  width  of  0.5  ns  is 
used  as  the  light  source  for  a  wide-field  polarized  light  mi¬ 
croscope,  equipped  with  a  high-sensitivity  TV  camera  and  an 
image  processor.^  All  images  in  this  paper  were  observed 
with  magneto-optic  contrast  optimized  to  measure  the  com¬ 
ponent  of  magnetization  in  the  trackwidth  direction. 


The  effects  of  write  current  amplitude  on  the  popcorn 
noise  probabilities  of  two  30-turn  heads  that  exemplify  the 
heads  with  high  and  low  popcorn  noise  probabilities  are 
shown  in  Fig.  1.  In  head  A,  a  very  large  peak  popcorn  noise 
probability  at  33  mA  p-p  was  observed  to  be  riding  on  top  of 
an  exponentially  increasing  noise  floor;®  whereas,  in  head  B, 
a  small  and  exponentially  increasing  popcorn  noise  probabil¬ 
ity  as  a  function  of  write  current  amplitude  was  observed. 

An  asymmetric  domain  pattern  with  respect  to  the  head 
symmetry  axis  and  occasional  popping  wall  motion  during 
write  current  excitation  were  observed  in  head  A,  as  depicted 
in  Fig.  2.  These  images  were  created  by  subtracting  two  im¬ 
ages  of  which  one  was  taken  with  a  +dc  drive  current  of  a 
specific  amplitude  and  the  other  with  a  -dc  drive  current  of 
the  same  amplitude.  A  pinned  edge  closure  domain  wall  near 
the  left  edge  of  the  backgap  closure  was  clearly  observed 
with  a  dc+/-13  mA  excitation,  as  shown  in  Fig.  2(a).  As  the 
excitation  was  increased  to  DC-i-/-22  mA,  a  small  displace¬ 
ment  was  observed  for  this  wall,  as  shown  in  Fig.  2(b).  When 
the  excitation  was  increased  to  DC+/-23  mA,  this  wall  sud¬ 
denly  exhibited  large  displacement,  as  shown  in  Fig.  2(c). 
Utilizing  real-time  live-subtraction  image  processing,  large 
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FIG.  1.  The  popcorn  noise  probabilities  of  heads  A  and  B  as  functions  of 
write  current  amplitude. 
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FIG.  2.  The  domain  wall  displacement  images  of  head  A  with  DC  excitation 
of  (a)  +/-13  mA,  (b)  +1-22  mA,  and  (c)  +/-23  mA,  and  (d)  a  schematic 
diagram  of  its  static  domain  pattern. 


and  occasional  popping  motion  of  this  wall  was  also  ob¬ 
served  during  sine-wave  current  excitation  of  23  mA  o-p  at  1 
Hz.  As  the  current  amplitude  was  increased  further,  the  large 
motion'of  this  wall  was  observed  to  become  more  repeatable. 
A  schematic  diagram  of  the  asymmetric  static  domain  pattern 
in  head  A  is  depicted  in  Fig.  2(d).  In  comparison,  symmetric 
closure  domain  patterns  with  smooth  and  repeatable  wall 
motion  during  write  current  excitation  were  observed  in 
head  B. 

By  repeatedly  subtracting  two  instantaneous  domain  pat¬ 
terns  imaged  10  fxs  after  a  specific  write  current  excitation, 
occasional  occurrences  of  dynamic  domain  instability  were 
actually  imaged.  A  256-frame-averaged  image  observed  10 
fjs  after  a  specific  write  current  excitation  was  first  taken  as 
the  reference  image.  A  large  number  of  32-frame-averaged 
images  (typically  700)  were  also  taken  10  /us  after  the  same 
writing  condition  and  then  subtracted  from  the  reference  im¬ 
age.  Occurrences  of  delayed-relaxation  Barkhausen  wall 
jumps  after  write  were  observed  as  shades  of  black  and  white 
contrast,  as  shown,  for  instance,  in  Fig.  3(a).  Low  stochastic 
occurrences  of  domain  instability  were  observed  as  uniform 
gray  contrast,  as  shown,  for  instance,  in  Fig.  3(b).  The  prob¬ 
ability  of  domain  instability  after  a  specific  write  current  was 
thus  obtained  by  dividing  the  number  of  subtracted  images 
that  exhibited  strong  contrast,  such  as  in  Fig.  3(a),  by  the 
total  number  of  images  observed.  The  head  was  ac  demag¬ 
netized  to  the  same  static  domain  state  before  each  measure¬ 
ment  of  domain  instability  probability. 

Probability  (normalized  by  the  peak  values)  of  domain 
instability  and  of  popcorn  noise  in  head  A  as  functions  of 
write  current  amplitude  are  shown  in  Fig.  4.  A  strong  cone- 
lation  between  the  normalized  probability  of  domain  insta¬ 
bility  and  popcorn  noise  in  head  A  is  clearly  seen.  In  com¬ 
parison,  almost  no  domain  instability  was  observed  in  head 
B,  which  has  low  popcorn  noise  probabilities  for  all  write 
current  excitation  applied.  It  was  also  found  that  the  prob¬ 
ability  of  domain  instability  and  popcorn  noise  decrease  ex- 


FIG.  3.  Dynamic  difference  images  of  head  A  observed  at  10  /is  after  the 
write  current  excitation  of  (a)  33  mA  and  (b)  43  mA,  at  5  MHz. 

ponentially  as  the  delay  time  after  write  increases,*  as  shown 
in  Fig.  5. 

The  specific  write  current  amplitude  that  gives  rise  to  the 
peak  popcorn  noise  probability  is  observed  to  be  a  function 
of  frequency,  as  shown  in  Fig.  6.  The  curve  joined  by  the 
data  points  of  peak  popcorn  noise  probabilities  was  also  ob¬ 
served  to  be  the  conversion  boundary  of  two  dynamic  do¬ 
main  states,  of  which  one  contains  the  pinned  edge  closure 
domain  wall  near  the  left  edge  of  the  backgap  closure,  and 
the  other  with  a  large  motion  of  the  same  edge  closure  do¬ 
main  wall,  as  indicated  in  the  insets  of  Fig.  6.  At  the  write 
current  excitations  that  coincide  with  this  conversion  bound¬ 
ary,  high  probabilities  of  dynamic  domain  instability  were 
observed. 

IV.  DISCUSSION 

Thermal  transients  after  write  are  believed  to  serve  as  a 
“drive”  to  move  the  walls  from  metastable  positions  just 
after  write  to  their  static  equilibrium  positions.*  During  this 
thermal-transient-driven  relaxation  process,  Barkhausen  wall 
jumps  occur  when  walls  encounter  and  subsequently  over¬ 
come  the  localized  pinning  sites.  As  the  write  current  ampli¬ 
tude  increases,  the  “drive”  of  the  thermal-transient-driven 
Barkhausen  wall  jumps  increases.  In  the  case  where  the  ini¬ 
tial  domain  states  just  after  write  are  microscopically  un¬ 
stable,  the  occunences  of  Barkhausen  wall  jumps  thus  in¬ 
crease  as  the  write  current  amplitude  increases. 
Consequently,  popcorn  noise  probabilities  increase  exponen¬ 
tially  as  write  current  amplitude  increases.*  This  mechanism 


FIG.  4.  Normalized  probabilities  of  domain  instability  and  jxipcorn  noise  in 
head  A,  as  functions  of  write  current  amplitude. 
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FIG.  5.  Normeli^d  probabilities  of  domain  instability  and  popcorn  noise  in 
head  A  as  functions  of  delay  time  after  the  write  current  of  33  mA  p-p 
at  5  MHz. 


of  microscopic  wall  jumps  driven  by  thermal  transients  after 
write  is  consistent  with  the  observations  of  exponentially  in¬ 
creasing  popcorn  noise  probabilities  as  functions  of  write 
current  amplitude  in  head  A  (between  45  to  80  mA  p-p,  as 
shown  in  Fig,  1)  and  head  B,  in  which  no  large  probabilities 
of  domain  instability  were  observed. 

At  the  specific  write  current  frequencies  and  amplitudes 
w!»ich  coincide  with  the  conversion  boundary  of  two  dy¬ 
namic  domain  states,  as  depicted  in  Fig.  6,  high  probabilities 
of  domain  instability  were  observed.  When  domain  instabili¬ 
ties  occur  during  write,  the  initial  domain  states  just  after 
write  are  macroscopically  unstable.  Higher  occurrences  of 
Barkhausen  wall  jumps  may  thus  o(  ur  even  with  moderate 
thermal  transients  after  the  intermediate  write  current  ampli¬ 
tude.  A  large  peak  in  the  popcorn  noise  probability  conse¬ 
quently  results  in  addition  to  the  exponentially  increasing 
noise  floor,  as  shown  in  Fig.  1.  This  mechanism  of  macro¬ 
scopic  domain  instability  driven  by  thermal  transients  after 
write  is  consistent  with  the  strong  correlation  observed  bc- 


Write  Cuirent  Amplitude  (mA  p-p) 


FIG.  6.  The  peak  popcorn  noise  probability  contour  and  conversion  bound¬ 
ary  of  two  dynamic  domain  states  in  head  A,  as  a  function  of  write  current 
frequency  and  amplitude. 


tween  dynamic  domain  instability  and  popcorn  noise  prob¬ 
abilities  as  functions  of  write  current  amplitude  and  delay 
time  after  write,  as  shown  in  Figs.  4  and  5,  respectively.  The 
observed  result  of  exponentially  decreasing  domain  instabil¬ 
ity  probability  as  a  function  of  delay  time  in  Fig.  5  indicates 
that  domain  instability  is  caused  predominately  by  delayed- 
relaxation  Barkhausen  wall  jumps,  and  not  by  different 
stable  remanent  domain  patterns  after  write. 

The  observations  of  nonrepeatable  domain  wall  displace¬ 
ment,  as  shown  in  Fig.  4(a),  indicate  that  the  locations  of 
Barkhausen  wall  jumps,  and  thus  the  major  noise  sources, 
are  fixed.  In  head  A,  the  dynamic  domain  instability  is 
largely  related  to  the  erratic  popping  wall  motion  near  the 
left  edge  of  the  backgap  closure,  as  evident  by  Figs.  2,  3(a), 
and  6.  This  erratic  popping  wall  motion  was  observed  to 
occur  when  the  drive  field  produced  by  the  specific  write 
current  amplitude  is  just  enough  to  bring  the  pinned  wall  into 
motion.  This  specific  write  current  amplitude  was  also  ob¬ 
served  to  be  a  function  of  frequency.  This  conversion  bound¬ 
ary  between  two  dynamic  domain  states,  as  shown  in  Fig.  6, 
is  similar  with  the  conversion  boundaries  of  different  dy¬ 
namic  domain  states  observed  by  Trouilloud  et  al}  Dynamic 
domain  instability  associated  with  the  conversion  boundary 
of  different  dynamic  domain  patterns  thus  cause  high  prob¬ 
abilities  of  popcorn  noise  in  thin-film  heads. 

V.  CONCLUSIONS 

TWo  major  mechanisms  of  popcorn  noise  were  observed 
in  thin-film  heads  studied  here.  While  both  appear  to  be 
driven  by  thermal  transients  after  write,  the  mechanism  of 
microscopic  wall  jumps  is  responsible  for  the  relatively 
small  and  exponentially  increasing  popcorn  noise  probability 
as  a  function  of  write  current  amplitude;  and  the  mechanism 
of  macroscopic  domain  instability  is  responsible  for  the  large 
peak  popcorn  noise  probability  at  intermediate  write  current 
amplitudes.  The  dynamic  domain  instability  is  caused  mainly 
by  the  erratic  popping  motion  of  domain  walls  near  the  back- 
gap  closure  of  thin-film  heads,  and  is  associated  with  the 
conversion  boundary  of  different  dynamic  domain  states.  By 
designing  and  fabricating  heads  with  stable  domain  struc¬ 
tures  and  dynamics,  much  lower  probabilities  of  popcorn 
noise  should  result. 
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The  domain  configurations  on  the  air-bearing  surface  (ABS)  of  inductive  thin-film  recording  heads 
were  studied.  It  was  found  that,  instead  of  being  a  single  domain  structure,  the  ABS  of  a  thin-film 
head  usually  has  multidomains.  The  direction  of  the  domain  walls  is  neither  parallel  nor 
perpendicular  to  the  gap  plane.  The  magnetization  was  found  to  be  in  the  plane  of  the  ABS  along 
the  track  width,  with  the  magnetizations  on  the  two  sides  of  the  domain  walls  either  “head-to-head” 
or  “tail-to-tail.”  The  domain  walls  are  slanted  in  order  to  spread  the  magnetic  charges  along  the  wall 
over  a  larger  region,  thereby  reducing  magnetostatic  energy  in  this  configuration.  The  responses  of 
the  domain  walls  are  not  all  in  phase,  and  they  are  generally  out  of  phase  with  the  rotational  process 
along  the  gap  edge.  The  magnetization  configuration  on  the  ABS  and  in  the  throat  and  the  sloped 
region  were  investigated  in  one  head  and  correlated  with  the  domain  walls  on  the  ABS. 


INTRODUCTION 

Previous  studies  of  the  dynamic  domain  configurations 
and  the  dynamic  response  of  domain  walls  in  thin-film  re¬ 
cording  heads  were  carried  out  primarily  on  the  yoke  of 
heads  and  the  sloped  region  between  the  yoke  and  the  pole 
tip.'"*  These  earlier  studies  related  dynamic  characteristics 
and  noise  to  the  response  of  the  domain  walls  in  the  yoke 
and  in  the  sloped  region.  The  work  described  in  this  paper 
focuses  on  the  dynamic  processes  at  the  air-bearing  surface 
(ABS)  of  thin-film  heads.  With  a  scanning  magneto-optic 
photometer,  we  measured  the  dynamic  response  at  the  ABS 
of  several  thin-film  heads  and  discovered  the  existence  of 
complex  domain  configurations  on  the  pole  tips  of  the  heads. 
The  phase  response  of  the  domain  walls  relative  to  the  re¬ 
sponse  of  the  rotational  magnetization  was  studied.  The  mag¬ 
netization  configurations  on  the  ABS  and  in  the  throat  and 
sloped  region  were  investigated. 

APPARATUS  AND  METHODS 

The  scanning  magneto-optic  photometer  used  in  this 
work  was  described  i:  detail  in  Ref.  6.  It  detects  the  dynami 
changes  in  magnetization  on  the  surface  of  a  sample.  With 
lock-in  amplifier,  both  the  amplitude  and  the  phase  lag  of  th( 
magnetic  response  can  be  obtained.  In  a  picture  displaying 
the  amplitude  information,  darker  shade  represents  stronger 
magnetization  response,  while  in  a  phase  picture,  contrast 
difference  represents  phase  difference.  Results  measured  on 
two  different  heads  will  be  discussed.  Head  no.  1  is  a  nine- 
turn  head  with  a  track  width  of  23  yum  and  a  pole  thickness 
of  2  /rm.  Head  no.  2  is  a  30-turn  head  w'th  a  track  width  of 
10  /um  and  a  pole  thickness  of  2.5  /im. 

RESULTS 

The  dynamic  domain  configuration  on  the  ABS  of  head 
no.  1,  driven  by  a  current  of  15-mA  peak-peak  (p-p)  at  1 


’’t'ow  at  Dept,  of  Electrical  Engineering,  University  of  Minnesota,  Minne¬ 
apolis,  Minnesota  55454. 


MHz,  is  shown  in  Fig.  1(a),  (b),  and  (c),  which  correspond  to 
three  different  laser  configurations  used  in  the  measurements. 
The  image  in  Fig.  1(a)  was  obtained  by  using  the  longitudi¬ 
nal  Kerr  effect.  The  laser  beam  was  s  polarized  and  had  an 
incidence  plane  parallel  to  the  gap  plane.  This  laser  configu¬ 
ration  detects  primarily  the  dynamic  change  in  the  compo¬ 
nent  along  the  track  width.  The  longitudinal  Kerr  effect  was 
also  used  for  obtaining  the  image  in  Fig.  1(b);  however,  the 
laser  beam  (also  s  polarized)  had  an  incidence  plane  perpen¬ 
dicular  to  the  gap  plane.  This  laser  configuration  detects  pri¬ 
marily  the  dynamic  change  in  the  component  perpendicular 
to  the  gap  plane.  The  polar  Kerr  effect  was  used  to  produce 
the  image  in  Fig.  1(c).  In  this  configuration,  only  the  out-of- 
plane  component  of  magnetization  is  detected. 

The  dynamic  domain  configuration  on  the  ABS  of  head 
no.  2,  driven  by  a  current  of  5  mA  p-p  at  1  MHz,  is  shown  in 
Fig.  2.  The  laser  configuration  used  is  the  same  as  that  used 
to  map  Fig.  1(a).  Laser  configurations  used  to  map  Figs.  1(b) 
and  (c)  were  also  used  to  measure  this  head,  and  a  uniform 


FIG.  1.  (top.  a)  Dynanuc  domain  pictures  measured  on  the  ABS  of  head 
no.  1. 
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FIG.  2.  Dynamic  domain  picture  me^ured  on  the  ABS  of  head  no.  Z 

response  similar  to  the  top  pole  tip  in  Fig.  2  was  obtained 
across  the  track  width  of  both  pole  tips. 

The  phase  response  on  the  ABS  of  head  no.  2,  driven  by 
a  current  of  5  mA  p-p  at  1  MHz  and  a  current  of  10  mA  p-p 
at  20  MHz,  is  shown  in  Figs.  3(a)  and  (b),  respectively.  Only 
the  trailing  pole  is  shown  in  Fig.  3(b).  As  stated  previously, 
white  and  black  contrasts  in  a  phase  picture  indicate  phase 
differences  in  the  magnetic  response.  That  the  wall  on  the 
left  in  Fig.  3(a)  has  the  same  brightness  as  the  gap  edge 
suggests  the  response  of  this  wall  is  in  phase  with  the  rota¬ 
tional  magnetization  process  taking  place  along  the  gap  edge. 
The  white-black  contrast  between  the  two  walls  indicates 
that  the  magnetization  changes  caused  by  the  two  walls  are 
out  of  phase.  When  the  frequency  was  increased  to  20  MHz, 
both  domain  walls  were  out  of  phase  with  the  rotational 
magnetization  process  along  the  track  edge,  and  the  two 
walls  were  also  out  of  phase  with  each  other.  The  scanned 
data  used  to  produce  Fig.  3(a)  indicate  that  the  response  of 
the  domain  wall  on  the  right  is  150®  out  of  phase  with  the 
domain  wall  on  the  left  and  the  rotational  magnetization 
along  the  gap  edge.  At  20  MHz,  the  two  domain  walls  be¬ 
come  180®  out  of  phase  with  one  another,  and  they  both  are 
out  of  phase  with  the  rotational  process. 


DISCUSSION 

The  black  stripes  on  the  trailing  pole  of  Fig.  1(a)  are 
produced  by  the  response  of  domain  walls.  The  fact  that  no 
wall  response  was  detected  by  using  the  polar  Kerr  effect 
suggests  that  the  motion  of  the  domain  walls  seen  in  Fig. 


FIG.  3.  Phase  information  in  the  response  on  the  ABS  of  head  no.  2  at  (a, 
top)  1  MHz  and  (b)  20  MHz. 


1(a)  does  not  cause  magnetization  change  in  the  direction 
perpendicular  to  the  ABS,  and  consequently,  the  magnetiza¬ 
tion  inside  the  domains  is  believed  to  be  in  the  plane  of  the 
ABS.  That  the  response  of  domain  walls  produced  a  much 
stronger  Kerr  signal  in  Fig.  1(a)  than  in  Fig.  1(b)  suggests 
that  the  dynamic  change  in  magnetization  caused  by  domain 
wall  translation  is  mainly  in  the  direction  of  the  track  width. 
Therefore,  the  magnetization  configuration  of  this  pole  tip  is 
apparently  as  shown  in  Fig.  4.  The  domain  walls  are  presum¬ 
ably  slanted  because  slanting  spreads  the  magnetic  charges 
along  the  walls  over  a  longer  region  and  thereby  reduces 
magneto-static  energy  in  this  configuration.  Based  on  similar 
reasoning,  the  magnetization  configuration  on  the  ABS  of 
head  no.  2  is  believed  to  be  as  shown  in  Fig.  5. 

Different  phase  shifts  in  the  rotational  response  and  the 
response  of  domain  walls  mean  different  delay  times  of  mag¬ 
netic  flux  conduction  are  associated  with  the  two  processes. 
As  suggested  by  Jones,’  superposition  of  two  or  oore  pulses 
with  different  delay  times  produces  a  pulse  with  “wiggles.” 
The  results  shown  in  Fig.  3(a)  and  (b)  suggest  that  the  read- 
back  signal  of  this  head  could  be  quite  noisy. 

To  reveal  the  complete  domain  configuration  in  the  re¬ 
gion  near  the  pole  tip,  we  mapped  the  domain  configurations 
in  both  the  ABS  and  the  sloped  region  of  head  no.  2  with 
three  different  drive  conditions:  6-niA  p-p  ac  at  1  MHz  su¬ 
perposed  upon  a  dc  of  20,  0,  and  -20  mA,  and  the  results 
are  shown  in  Figs.  6(a)  and  (a'),  (b)  and  (b'),  and  (c)  and 
(c'),  respectively.  An  s-polarized  laser  beam  with  an  inci¬ 
dence  plane  along  the  symmetry  axis  of  the  head  was  used  to 
measure  the  sloped  region.  Because  of  the  sharp  angle  be¬ 
tween  the  throat  and  the  sloped  region.  Fig.  6  does  not  in¬ 
clude  the  surface  of  the  throat  and  a  short  section  (about  2 
/rm)  of  the  sloped  region  near  the  throat.  However,  these 
pictures  suggest  that  the  domain  wall  on  the  right-hand  side 
of  Fig.  6(a)  is  not  connected  to  the  domain  wall  on  the  right- 
hand  side  of  Fig.  6(a')  because  tb^y  do  not  move  in  the  same 
direction  under  the  same  dc  bias.  However,  the  domain  be¬ 
neath  the  ABS  to  the  right  of  the  wall  in  Fig.  6(a)  is  believed 
to  be  magnetized  in  the  same  direction  as  the  left-hand  side 
domain  in  Fig.  6(a')  because  they  expand  under  the  same  dc 
drive.  For  the  same  reasons,  the  domain  wall  in  Fig.  6(c)  is 
not  connected  to  the  wall  on  the  left-hand  side  of  Fig.  6(c'), 
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FIG.  6.  Domain  configuration  in  both  the  sloped  region  and  the  trailing  pole  tip  of  head  no.  2.  From  left  to  right,  top  row:  (a),  (b),  and  (c);  bottom  row:  (a'), 
(b'),  and  (c').  See  text  for  detail. 


and  the  domain  to  the  left  side  of  the  wall  in  Fig.  6(c)  be¬ 
neath  the  ABS  is  likely  magnetized  in  the  same  direction  as 
the  domain  on  the  right-hand  side  of  Fig.  6(c').  From  the 
above  observations,  i  possible  complete  domain  configura¬ 
tion  near  the  pole  tip  is  plotted  in  Fig.  7.  Because  of  the 
sharp  angle  between  the  throat  and  the  sloped  region,  closure 
domain  walls  (a)  and  (a')  do  not  extend  to  the  comers  of  the 
pole  tip.  Instead,  they  close  at  the  junction  between  the  throat 
and  the  sloped  region.  The  magnetization  on  the  corners  of 
the  pole  tip  curls  to  reduce  the  large  magnetostatic  energy 
which  a  configuration  with  magnetization  perpendicular  to 
any  surface  would  cause.  The  slanting  of  the  domain  walls 
on  the  ABS  reduce  the  magnetostatic  energy  along  the  walls 
by  spreading  the  magnetic  charges  over  a  longer  region.  Al¬ 
though  a  perfect  self-closed  domain  configuration  in  the 
throat,  like  that  in  the  sloped  region,  could  potentially  elimi¬ 
nate  the  magnetostatic  energy,  the  need  for  more  domain 
walls  in  such  a  small  dimension  (1X2.5X10  yum)  may  actu¬ 
ally  cause  a  higher  energy  state  because  of  the  increase  in 
total  wall  energy. 


FIG.  7.  Domain  configuration  in  the  region  near  the  pole  tip  of  head  no.  2. 


CONCLUSIONS 

With  a  scanning  magneto-optic  photometer,  the  dynamic 
domain  configurations  on  the  ABS  of  several  thin-film  re¬ 
cording  heads  were  studied.  It  was  found  that  the  pole  tip  of 
thin-film  heads  is  usually  a  multidomain  structure.  The  direc¬ 
tion  of  the  domain  walls  is  neither  parallel  nor  perpendicular 
to  the  gap  plane.  Based  on  the  laser  configuration  used  in  the 
measurements  and  the  corresponding  results;  the  magnetiza- 
ti'^r.  on  the  ABSs  of  most  heads  is  believed  to  be  in  the  plane 
of  the  ABS  along  the  track  width,  with  the  magnetizations  on 
the  two  sides  of  the  domain  walls  either  “head-to-head”  or 
“tail-to-tail”.  This  configuration  produces  strong  magnetic 
poles  along  the  walls.  The  domain  walls  are  slanted  in  order 
to  spread  the  magnetic  charges  along  the  walls  over  a  larger 
region,  thereby  reducing  magnetostatic  energy.  The  re¬ 
sponses  of  the  domain  walls  are  not  all  in  phase,  and  they  are 
generally  out  of  phase  with  the  rotational  response.  This 
phase  shift  phenomenon  may  cause  “wiggles”  in  the  read- 
back  signal.  By  correspondingly  measuring  the  domain  pat¬ 
tern  in  both  the  sloped  region  and  the  pole  tip,  a  possible 
magnetization  configuration  in  the  throat  and  the  sloped  re¬ 
gion  near  the  pole  tip  was  suggested  for  one  head.  More 
work  is  required  to  provide  a  conclusive  explanation  for 
these  complex  domain  patterns  on  the  ABS  and  to  under¬ 
stand  their  effect  O’’-  head  performance. 
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Omega  head— an  experimental  120-turn  inductive  head 

D.  D.  Tang,  R.  E.  Lee,  J.  L.  Su,  F.  Chu,  J.  Lo,  H.  Santini,  L.  Lane,  N.  Robertson,  M.  Ponce, 

P.  Cisneroz,  and  G.  Guthmiller 

IBM,  650  Harry  Road,  San  Jose,  California  95120 

Experimental  120-tum  thin-film  inductive  heads  have  been  built.  The  key  features  of  this  head  are 
the  6-fm  pitch  helical  coils  and  an  omega-shaped,  planar  yoke  structure  having  dual  easy  axes. 
Hardbakcd  photoresist  insulator  layers  are  used  to  encapsulate  the  yoke  and  to  smooth  out  the  wafer 
surface  topography.  Micro-Kerr  studies  show  that  the  easy  axis  remains  in  the  transverse  direction 
in  the  yokes  after  multiple  anneals.  The  PlIGIPl  is  3.8/0.3/3.8  /im,  and  the  yoke  length  is  close 
to  1  mm.  The  helical  coils  were  built  with  a  novel  process  that  combines  yoke/stud  coplating  and 
a  photoresist  planarization  process.  The  coil  resistance  is  68fl  and  the  inductance  is  5.5  /iH.  The 
yoke  saturates  at  5  mA.  The  heads  were  tested  over  disks  having  Mrt  of  2.5  memu/cm^  and  He  of 
1500  Oe.  The  write  threshold  current  is  5.3  mA  (peak-to-peak)  and  the  overwrite  is  30  dB.  The 
isolated  pulse  amplitude  Vpp  is  10.3  fjtyi(T,^V),  where  track  width  T„  is  in  /rm  and  the  linear 
velocity  V  in  m/s. 


I.  INTRODUCTION 

Increasing  coil  turns  and  reducing  track  width  of  induc¬ 
tive  heads  have  been  the  means  to  improve  the  recording 
density.  To  accommodate  the  increasing  coil  layers,  the  sepa¬ 
ration  between  PI  and  P2  of  today’s  head  is  typically  25  to 
30  fim,  beyond  which  it  becomes  increasingly  more  difficult 
to  control  the  pole  tip  dimension  and  the  composition  of  the 
plated  permalloy.*  Many  different  head  designs  were  in¬ 
vented  to  tackle  these  problems.  The  most  notable  extension 
of  the  pancake  head  structure  is  the  Diamond^  design.  Here, 
a  planar  head  design^  was  explored  for  higher  density  record¬ 
ing.  In  a  planar  head,  the  PI  and  P2  yokes  are  separated  in 
the  plane  rather  than  overlapping  each  other.  Thus,  the  yokes 
can  be  separated  farther  than  30  fim  and  the  yoke  topology  is 
kept  below  12  fim.  The  tight  winding  helical  coil  permits 
much  tighter  inductive  coupling,  and  therefore  offers  coils 
with  lower  inductance  per  turn  square  than  conventional  pan¬ 
cake  heads.  This  paper  presents  exploratory  work  on  a  120- 
turn  planar  inductive  head  called  Omega  Head  (as  its  physi¬ 


FIG.  1.  Flux  coupling  between  two  yokes.  Noimalized  to  offset  x=0.  5  is 
the  vertical  separation  of  PI  and  P2.  The  coupling  is  reduced  to  0.6  X  when 
the  two  yokes  are  offset  by  one  yoke  width,  and  reduced  to  0.25  X  by  3X 
yoke  width. 


cal  resemblance  of  the  Greek  character).  The  magnetic 
design  issues,  a  novel  head  process  and  the  recording  char¬ 
acteristics  of  the  head  will  be  described. 

II.  MAGNETIC  DESIGN  ISSUES 

(1)  To  reduce  the  flux  leakage  between  PI  and  P2,  they 
should  be  separated  far  apart.  Figure  1  shows  the  normalized 
flux  coupling  through  the  air  (leakage)  between  PI  and  P2 
yokes  based  on  a  two-dimensional  analysis.  The  leakage  is 
lowered  to  0.6  X  when  the  two  yokes  are  offset  by  one  yoke 
width,  and  is  reduced  to  0.25  X  when  the  yokes  are  on  the 
same  plane  and  are  offset  by  3  times  the  yoke  width.  Figure 
2  shows  the  yoke  configuration  of  the  present  design.  The 
flux  leakage  in  the  back  yoke  is  minimized.  The  dominant 
leakage  of  this  particular  design  comes  from  the  overlap  por¬ 
tion  of  PI  and  P2  near  the  throat. 

(2)  For  small  sliders,  the  slider  height  limits  the  coil 
turns  to  a  maximum  of  60  turns  of  6-fxm  helical  pitch  coil^ 
where  coils  were  wound  on  two  legs  of  the  yoke.  The  yoke 
of  our  Omega  head  is  made  up  of  two  pairs  of  legs.  The  coils 
are  wound  on  all  four  legs.  The  number  of  coil  turns  is  no 
longer  limited  by  the  slider  heights.  To  maximize  the  flux 


FIG.  2.  SEM  micrograph  of  an  OMEGA  head  with  120-tum  coils.  Key 
features  are  helical  coils,  planar  yoke  with  two  easy  axes,  and  hardbake 
resist  encapsulated  yokes. 
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FIG.  3.  fi-Ken  image  of  a  2-fjan  permalloy  film  encapsulated  in  hardbake 
photoresist  before  and  after  annealing.  No  change  in  domain  wall  density  is 
observed. 
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FIG.  6.  Head  inductance  vs  dc  bias  current  in  coil. 


conduction  efficiency,  we  chose  a  dual-axis  yoke  design.  The 
easy  axis  of  the  yokes  is  oriented  in  two  directions:  Referring 
to  Fig.  2,  the  easy  axis  is  in  the  x  direction  for  the  left  and 
right  yokes,  and  in  the  y  direction  for  the  top  and  bottom 
yokes. 

(3)  Both  hardbaked  photoresist  or  sputtered  alumina 
were  investigated  for  planarizing  the  coil  and  isolating  the 
coil  from  the  yoke.  Although  the  mismatch  in  the  thermal 
expansion  coefficient  between  the  permalloy  and  the  hard- 
baked  photoresist  is  larger,  hardbaked  photoresist  is  much 
softer  (Young’s  modulus  is  two  orders  smaller**)  ihan  alu¬ 
mina,  thus,  it  exerts  a  more  uniform  stress  to  the  permalloy 
and  induces  less  stress  anisotropy  when  prccesi  incurs  tem¬ 
perature  cycles.  The  /i-Kerr  image  studies  (Fig.  3)  confirmed 
that  the  electroplated  permalloy  encapsulated  in  the  hard- 
baked  photoresist  does  not  show  any  annealing-induced 
changes  in  the  domain  wall  density. 

III.  HEAD  PROCESS  AND  CHARACTERISTICS 


FIG.  4.  Key  slops  of  the  OMEGA  head  process  flow.  Permalloy  studs  are 
plated  together  with  the  yoke  in  the  same  step.  Hardbake  photoresist  is  used 
for  passivation. 


While  the  spiral  coil  is  built  over  a  flat  surface,  the  he¬ 
lical  coils  must  wrap  around  a  yoke.  It  is  more  difficult  to 
pattern  many  of  these  fine  coil  features  over  a  severe  topog¬ 
raphy:  A  new  helical  coil  process  was  developed.  The  key 
concept  is  planarize-then-build-fine-features.  In  this  case,  we 
raise  the  lower  coil  contacts^  to  the  same  height  as  the  yoke 
with  vertical  coil  extensions  (studs),  planarize  the  surface, 
and  then  pattern  the  fine  features  of  the  upper  part  v..'  the 
coils.  Figure  4  shows  the  major  steps  of  the  head  processing. 


FIG.  5.  Domain  images  of  yokes.  The  top  and  bottom  yokes  having  easy 
axis  in  the  y  direction  and  the  left  and  right  yokes  having  easy  axis  in  the  x 
direction. 


FIG.  7.  (a)  Thresnold  write  current  of  a  120-  and  a  80-tum  head  with  a 
44-turn  pancake  head  as  reference,  (b)  overwrite  characteristics  of  a  120- 
lum  3.1-/rm  track  vidth  head. 
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X^LE  I.  Heads  chaiacteristics. 


Head: 

A 

B 

C 

D 

E 

Reference 

(pancake) 

N 

120 

120 

120 

120 

80 

44 

Inductance  (/rH) 

5.5 

5.5 

5.5 

5.5 

2.4 

1.3 

L/N^  (nH/N^) 

0.382 

0.332 

0.382 

0.382 

0.375 

0.671 

T„  (^m) 

8.6 

6.7 

3.3 

4.3 

8.6 

8.5 

V  (m/s) 

8 

8 

10 

10 

8 

8 

Overwrite  (dB) 

33 

31 

27.5 

29 

34 

26 

V  (mV) 

713 

542 

350 

399 

468 

280 

V,,/rw/PDuV//tm/(m/s)] 

10.36 

10.02 

10.61 

9.27 

6.8 

4.0 

PWso  (nm) 

610 

590 

... 

... 

600 

640 

Estimated  a+d  (nm) 

242 

230 

... 

... 

236 

240 

Estimated  efficiency  (%) 

60 

59.5 

... 

60 

70 

Instability  (%) 

1.5 

1.8 

1.6 

2.0 

1.9 

1.5 

Co-Pt-Cr  thin-iilm  disk  (Af rt= 

=2.5£-3  emu/cm^//c= 

1500  Oe). 

Magnetic  spacing=  103.3  nm,  gap  Iength=0.3  um. 

IVansition  length  (W-C  model) 

a =136  nm. 

First,  ihe  lower  coils  aje  plated  and  later  planarized  with 
photoresist.  The  photoresist  is  patterned  to  expose  the  con¬ 
tacts  to  the  lower  coils  arid  then  hardbaked.  Yokes  and  studs 
with  easy  axis  in  the  x  direction  are  plated  in  one  step.  Then, 
those  in  the  y  direction  are  plated  by  rotating  the  wafer  90®. 
A  second  photoresist  layer  is  spun  and  exposed  to  open  the 
tops  of  the  studs  for  contacting  the  upper  coils.  Notice  that 
the  hardbaked  photoresist  fills  the  recess  between  the  yoke 
and  the  studs  and  provides  a  smooth  surface  with  a  gentle 
slope  for  the  subsequent  construction  of  the  upper  part  of  the 
helical  coils.  Then  two  more  hardbaked  photoresist  steps  are 
employed  to  form  a  3.7-/nm  apex  spacer  between  the  PI  and 
P2  in  the  pole  tip  area.  Alumina  gap  material  is  then  depos¬ 
ited  and  etched  open  at  the  “backgap.”  In  this  design,  the 
“backgap”  is  actually  located  to  the  left  of  the  apex  spacer 
(see  Fig.  2)  P2  is  plated.  At  this  step,  the  maximum  device 
topography  's  uelow  11  /um.  The  entire  yoke,  except  the 
short  P2,  is  encased  in  hardbaked  photoresist  passivation. 
The  yokes  have  experienced  three  photoresist  hardbake  heat 
cycles  and  for  those  with  easy  axis  in  the  y  direction,  the 
oven  field  is  in  the  hard-axis  direction.  The  micro-Kerr  im¬ 
age  of  the  head  is  shown  in  Fig.  5  and  the  domains  are 
oriented  in  the  transverse  direction  as  predicted  in  our  previ- 


FIG.  8.  Density  roll-off  of  four  H'O-tuni  heads  of  different  track  width  on 
thin-iilm  disk. 


ous  studies.  The  pole  tip  is  trimmed  with  an  ion  milling 
process.  Upper  coils  are  then  patterned  and  plated  to  com¬ 
plete  the  coils.  The  head  is  embedded  in  a  30-/im-thick  alu¬ 
mina  overcoat. 

The  head  inductance  is  shown  in  Fig.  6.  The  normalized 
head  inductance  is  typically  0.382  nH/N^,  about  half  of  to¬ 
day’s  spiral  coils.  The  coil  resistance  is  68  and  38  fl  for  the 
120-  and  80-turn  heads,  respectively,  about  half  of  the  spiral 
coils.  Heads  were  tested  on  Co-Pt-Cr  thin-film  disks  with 
A/r<=2.5  memu/cm^  and  //c  =  1500  Oe  at  a  fly  height  of  50 
nm  (estimated  magnetic  spacing  is  103  nm).  Figure  7(a) 
shows  the  write  threshold  currents.  For  the  120-turn  head, 
the  threshold  current  (peak-to-peak)  is  5.3  mA.  Figure  7(b) 
shows  the  overwrite  of  a  head  with  rH,=3.1  ^m  at  write  and 
overwrite  flux  density  of  490  and  1600  fc/mm,  respectively. 
Table  I  summarizes  the  head  characteristics.  The  normalized 
readback  signal  is  10.3  fiWI{T^V),  where  7',^  is  the  track 
width  in  yum  and  V  is  the  linear  velocity  in  m/s.  The  half¬ 
height  pulse  width  PW^q  is  600  nm.  Figure  8  shows  the 
density  roll-off  plot  of  four  heads  with  from  8.6  to  3.1 
nm.  The  estimated  read  efficiency  is  60%.  The  head  insta¬ 
bility  was  measured  by  repeating  the  erase-write-read  opera¬ 
tion.  The  standard  deviation  divided  by  the  mean  value  of  the 
readback  signals  is  in  the  range  of  1.5%  to  2%.  The  error  rate 
of  the  heads  were  tested  in  a  peak  detect  channel  without  an 
equalizer  at  a  flux  change  of  1288  fc/mm.  The  on-track  bit¬ 
error  rate  is  6.25  X 10“ for  a  80-turn  8.6-/um  track  width 
head  and  7.65X10"®  for  a  120-tura  4.3-yum  track  width  head. 
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Local  magnetoresistance  and  point-source  excitation  of  Ni-Fe  thin  films 
(abstract) 

R.  W.  Cross  and  A.  B.  Kos 

Electromagnetic  Technology  Division,  National  Institute  of  Standards  and  Technology,  Boulder, 

Colorado  80303 

The  magnetoresistive  (MR)  response  was  measured  in  Ni-Fe  thm  films,  representative  of  the  films 
used  in  magnetic  recording  read  heads,  with  sense  areas  as  small  as  6Xc  /rm.  For  the  bulk,  central, 
and  edge  regions  of  the  film,  the  MR  response  was  measured  as  a  function  of  magnitude  and  angle 
of  a  uniform  in-plane  applied  magnetic  field.  Measurements  were  made  using  a  four-contact 
technique  whi^  i  included  two  scanning  microprobes  and  two  orthogonal  field  sources.^  The 
micropiubes  could  be  scanned  with  a  resolution  of  0.1  pm  and  positioned  separately.  The  field 
sources  produced  a  maximum  field  of  24  kA/m  (300  Oe)  that  could  be  rotated  up  to  ±  15°.  From  the 
local  MR  response,  the  local  magnetic  behavior  was  obtained  and  compared  to  micromagnetic 
theory.^  The  bulk  MR  response  was  also  measured  as  a  function  of  position  on  the  film  of  a 
microfield  source  used  for  point-source  excitation.  The  microfield  source  was  a  Fe  wire 
electrochemically  etched  to  a  0.1  ptm  tip  diameter.  From  these  results  the  local  MR  sensitivity  was 
determined  for  the  central  and  edge  regions.  The  sensitivity  profile  of  the  film  is  important  in 
optimizing  the  design  of  the  device.  The  large  variations  observed  in  the  MR  response  between  the 
central  and  edge  regions  as  a  function  of  uniform  field  and  point  source  excitations  are  indicative  of 
the  fact  that  magnetostatic  fields  dominate  the  response  in  these  small  structures. 


'  R.  W.  Cross,  A.  B.  Kos,  C.  A.  Thompson,  T.  W.  Petersen,  and  J.  A.  Brug, 
IEEE  TYans.  Magn.  28,  3060  (1992). 
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Sensitivity  distribution  asymmetries  in  magnetoresistive  heads 
with  domain  control  films  (abstract) 

N.  Koyama,  C.  Ishikawa,  Y  Suzuki,  H.  Aoi,  and  K.  Yoshida 

Central  Research  Laboratory,  Hitachi,  Ltd.,  Kokubunji,  Tokyo  185,  Japan 

Suppression  of  the  sidetrack  reading  behavior  is  important  in  achieving -high  track-density  recording 
with  a  magnetoresistive  head.  In  the  present  work,  we  investigate  the  sensitivity  distribution  profiles 
of  MR  heads  through  experimentation  using  a  microtrack  technique’  and  computer  simulation. 
Shielded,  soft,  adjacent-layer-biased  MR  heads  with  3~6-/tm-wide  tracks  are  used.  The  ends  of 
the  MR  elements  are  coupled  to  antiferromagnetic  or  hard  ferromagnetic  films  for  domain  control. 
In  the  simulation  based  on  the  Landau-Lifshitz-Gilbert  equation,^  the  magnetization  configurations 
in  the  MR  elements  of  the  domain  stabilizing  films  are  calculated  to  analyze  the  sensitivity 
distribution.  The  measured  sensitivity  profiles  in  all  cases  have  asymmetries  that  are  reversed  when 
the  sensing  current  direction  or  the  magnetization  direction  of  the  MR  element  is  reversed.  These 
results  agree  with  the  simulation.  The  asymmetries  of  sensitivity  profiles  are  explained  by  the 
magnetic  poles  at  the  domain  control  film  edges  and  at  the  transverse  edges  of  the  element  which 
generate  a  diagonal  demagnetizing  field  distribution  in  the  sensing  region. 


'a.  Wallash,  M.  Salo,  J.  K.  Lee,  D.  Heitn,  and  G.  Garfunkel,  J.  Appl.  Phys. 

69,  5402  (1991). 
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Anisotropy  of  Films  and  Interfaces 


Robert  L.  White,  Chairman 


Overlayer-induced  perpendicular  anisotropy  in  uitrathin  Co  films  (invited) 

Brad  N.  Engel,  Michael  H.  Wiedmann,  and  Charles  M.  Falco 

Department  of  Physics  and  the  Optical  Sciences  Center,  University  of  Arizona,  Tucson,  Arizona  85721 

We  have  used  in  situ  polar  Kerr  effect  measurements  to  study  the  magnetic  anisotropy  of 
MBE-grown  Z/Co/y  trilayers,  where  Z  and  7  are  combinations  of  the  nonmagnetic  metals  Ag,Au, 

Cu,  or  Pd.  The  competition  between  the  perpendicular  anisotropy  of  the  initial  underlayer  X/Co 
interface  and  the  in-plane  shape  anisouupy  of  the  Co  film  allows  us  to  adjust  the  total  anisotropy  of 
the  uncovered  Co  to  be  in  plane  and  of  moderate  strength.  In  this  way,  we  can  measure  hard-axis 
(perpendicular)  polar  hysteresis  curves  in  situ  as  a  function  of  overlayer  Y  coverage,  and  directly 
deduce  the  anisotropy  field.  Polar  hysteresis  curves  were  measured  in  situ  for  systematically  varied 
Co  and  overlayer  Y  layer  thicknesses  2  A  and  0  A^/y^lOO  A.  We  find,  for  particular 

combinations,  the  magnitude  of  the  XICoV  perpendicular  anisotropy  is  strongly  peaked  at  ~1 
atomic  layer  overlayer  Y  coverage. 


I.  INTRODUCTION 

One  of  the  most  interesting  unresolved  problems  remain¬ 
ing  in  modem  magnetism  is  the  underlying  mechanism  of 
perpendicular  interface  anisotropy.*  This  anisotropy  arises 
from  the  interface  between  magnetic  and  nonmagnetic  metal 
films,  and  is  observed  only  in  particular  material  systems." 
Possible  explanations  advanced  for  this  strong  anisotropy  in¬ 
clude  the  reduced  coordii?'tion  symmetry,^  altered  electronic 
structure,'*  and  localized  epitaxial  strain  at  the  interface  be¬ 
tween  two  different  materials.^ 

In  this  paper  we  review  our  recent  studies  of  interface 
magnetic  anisotropy  using  in  situ  Kerr  effect  measurements 
in  our  molecular  beam  epitaxy  (MBE)  system.  We  have  in¬ 
vestigated  the  evolution  of  the  magnetic  and  structural  be¬ 
havior  of  uitrathin  Co  films  during  the  progressive  formation 
of  interfaces  with  different  nonmagnetic  overlayers. 

II.  BACKGROUND 

There  has  been  a  great  volume  of  research  on  magnetic 
surface  and  interface  anisotropy  since  Neel’s  first  prediction* 
and  Gradmann’s  first  experimental  observation.’  Investiga¬ 
tions  into  the  influence  of  nonmagnetic  overlayers  on  the 
behavior  uitrathin  magnetic  thin  films  have  been  carried  out 
by  many  groups.  The  majority  of  these  studies  have  concen¬ 
trated  on  determinations  of  the  magnetic  moment  and  inter¬ 
face  anisotropy  resulting  from  coverage  by  relatively  thick 
overlayers. 

Investigations  of  the  evolving  magnetic  behavior  of  an 
uitrathin  film  during  interface  formation  have  been  per¬ 
formed  only  recently  due  to  the  stringent  requirements  of 
in  situ,  monolayer-sensitive  measurements  carried  out  in  ul- 
trahigh  vacuum  (UHV).  Previous  evidence  of  changes  in 
magnetic  behavior  with  nonmagnetic  monolayer  coverage 
include  a  reduction  in  Curie  temperature  of  uitrathin  Co(OOl) 
films  when  covered  by  Cu*  and  an  epitaxial  structure- 
induced  change  in  the  in-plane  easy  axis  of  Fe(llO)  films 
when  covered  by  Au.® 


In  our  first  work  on  the  magnetic  behavior  during  inter¬ 
face  formation,  we  studied  the  perpendicular  magnetism  of 
MBE-grown  Pd/Co/T  sandwich  structures  where  Y = Ag,  Cu, 
and  Pd  using  in  situ  polar  Kerr  ellipticity  measurements.** 
We  found  the  surprising  result  that  deposition  of  any  of  the 
overlayers  caused  nonmonotonic  behavior  in  the  perpendicu¬ 
lar  coercivity  as  a  function  of  coverage.  We  found  a  sharp 
peak  in  //<,  at  a  coverage  of  ty^l  A  for  all  materials  with  a 
monotonic  increase  above  ty^A  A.  The  peak  was  most  pro¬ 
nounced  for  Cu,  where  changed  by  more  than  200%. 

The  pronounced  peak  in  coercivity  we  observed  at  ~1 
ML  suggested  an  abrupt  change  in  anisotropy.  We  have 
therefore  directly  measured  the  uniaxial  anisotropy  of  Co 
films  in  situ  as  a  function  of  nonmagnetic  overlayvf  coverage 
and  confirmed  the  existence  of  a  peak  in  the  perpendicular 
anisotropy  at  ~1  ML  coverage  as  well.**  This  unusual  an¬ 
isotropy  behavior  also  recently  has  been  independently  con¬ 
firmed  for  Au/Co/Au.*^ 

III.  EXPERIMENTAL  TECHNIQUE 
A.  Film  growth 

We  used  molecular  beam  epitaxy  (MBE)  to  grow  single¬ 
crystalline  Co  films  in  the  thickness  range  2  A=s/q,!S30  A  on 
single-crystalline  Pd(ill)  and  Au(lll)  buffer  layers.  The 
buffer  layers  were  epitaxially  grown  on  Co-seeded 
GaAs(llO)  substrates.  The  background  pressure  during  depo¬ 
sition  was  ^5X10“**  Torr,  and  was  composed  predomi¬ 
nantly  of  H2.  We  used  effusion  cells  for  Ag  and  Pd  deposi¬ 
tion  at  0.1  and  0.15  A/s,  respectively,  and  optical-feedback- 
controlled  e-beam  evaporators  to  deposit  the  Au(0.1  A/s), 
Co(0.25  A/s),  and  Cu(0.1  A/s).  All  deposition  rates  were 
determined  from  Rutherford  backscattering  spectrometry 
analysis  of  calibration  films,  and  were  reproducible  to  within 
±10%.  Film  quality  and  crystal  structure  were  monitored 
during  growth  with  reflection  high  energy  electron  diffrac¬ 
tion  (RHEED).  The  RHEED  pattern  images  were  captured 
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FIG.  1.  Schematic  representation  of  our  modified  Perkin-Elraer  433S  mo¬ 
lecular  beam  epitaxy  system  with  in  situ  magneto-optic  Kerr  effect 
(MOKE). 


and  digitized  with  a  computer-based  video  system  capable  of 
resolving  changes  in  surface  lattice  spacings  of  1%. 

B.  In  8ltu  Kerr  effect  meesurement 

In  our  MBE  system,  a  sample  can  be  transferred  between 
the  deposition  chamber  ?Jid  another  connected  ultrahigh 
vacuum  chamber  (P<2X10"'®  Torr),  where  it  is  aligned  be¬ 
tween  the  poles  of  an  external  electromagnet  for  in  situ  Kerr 
effect  measurements.  Figure  1  is  a  schematic  of  this  system. 
The  magnetic  field  is  applied  along  the  sample  normal  with  a 
maximum  field  of  ±2.2  kOe.  We  use  a  50  kHz  photoelarfic 
modulator  and  lock-in-amplifier-based  detection  scheme 
with  a  HeNe  laser  to  measure  the  polar  Kerr  ellipticity  of  the 
sample  as  a  function  of  applied  field.  Measuring  the  elliptic- 
ity  rather  than  the  Kerr  rotation  eliminates  the  background 
Faraday  rotation  from  the  quartz  vacuum  window.  Optical 
access  is  provided  by  a  hole  along  the  axis  of  one  of  the 
magnet  poles.  The  sample  can  be  moved  repeatedly  between 
the  measurement  and  the  deposition  chambers  without  the 
need  for  optical  realignment. 

C.  In  situ  anisotropy  measurement 

We  grew  our  samples  on  Au(lll)  or  Pd(lll)  buffer  lay¬ 
ers,  so  that  the  initial  jf/C!o  (Ar=Au,Pd)  interface  would  pro¬ 
vide  a  perpendicular  anisotropy  in  competition  with  the  in¬ 
plane  shape  contribution  of  the  Co  film.  We  could  therefore 
adjust  the  initial  total  anisotropy  of  individual  samples  to  be 
either  perpendicular  or  in-plane  by  selecting  the  proper  Co 
film  thickness.  This  allowed  us  to  work  within  the  2.2  kOe 
limit  of  our  perpendicular  magnetic  field.  Using  this  idea  of 
designing  samples,  which  balance  the  relatively  strong  shape 
and  interface  anisotropies  against  each  other,  allows  us  to 
very  easily  observe  small  changes  in  the  total  anisotropy 
energy  due  to  overlayer  deposition. 


m 

H 

HG.  2.  Schematic  of  the  m  situ  anisotropy  energy  measurement.  The  mag¬ 
netization  m  lies  in  the  plane  of  the  sample,  while  the  applied  field  H  is 
perpendicular  to  the  film  plane. 


To  directly  determine  the  total  anisotropy  energy,  we 
measured  hard-axis  magnetization  curves  and  deduced  the 
anisotropy  field  by  extrapolating  the  linear  curves  to  satura¬ 
tion.  Because  our  MBE  system  is  equipped  with  only  a  2.2 
kOe  perpendicular  magnetic  field,  we  are  limited  to  making 
these  measurements  on  films  with  in-plane  easy  axes  of  mod¬ 
erate  anisotropy  strength.  However,  we  can  create  films  of 
this  type  by  selecting  the  proper  Co  film  thickness  that  we 
grow  on  the  Pd  or  Au  buffer  layers.  Figure  2  is  a  schematic 
of  this  measurement  technique. 

The  properly  chosen  Co  thickness  allows  saturation  of 
the  magnetization  by  our  2.2  kOe  field  after  overlayer  cov¬ 
erage,  while  still  maintaining  an  in-plane  easy  axis.  In  this 
way  we  can  directly  determine  the  anisotropy  field  from  ex¬ 
trapolation  of  the  hard-axis  curves  to  saturation  and  calculate 
the  total  anisotropy  energy  from  the  relation 

K,=i/*A/,/2,  (1) 


H,  (kOe) 

FIG.  3.  Hard-axis  (perpendicular)  hysteresis  curves  from  a  30  A  Co  film 
gt.iwn  on  Au(lU)  as  it  is  progressively  covered  with  Au.  The  perpendicular 
anisotropy  contribution  from  the  Co/Au  interface  is  seen  to  be  a  maximum 
at  2  A  Au  coverage. 
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where  Mj=1422  emu/cm^  is  the  bulk  saturation  magnetiza¬ 
tion  of' Co.  .Refinement  of  this  technique  to  include  higher- 
order  anisotropy  constants  was  found  to  be  unnecessary  for 
the  majority  of  samples  studied.  To  assure  the  validity  of  this 
technique,  after  completing  our  complete  set  of  in  situ  mea¬ 
surements  we  removed  representative  samples  and  verified 
the  bulk  magnetization  behavior  of  the  Co  with  a  vibrating 
sample  magnetometer.  We  also  verified  the  saturation  ellip- 
ticity  ^t.with  an  ex  situ  Kerr  measurement  to  10  kOe. 

IV.  RESULTS  AND  DISCUSSION 
A.  Anisotropy  versus  poverage 

Figure  3  is  a  series  of  hard-axis  (perpendicular)  hyster¬ 
esis  loops  of  a  30  A  Co  film  grown  on  Au(lll)  and  covered 
by  ultrathin  overlayers  of  Au.  The  top  curve  is  that  of  the 
uncovered  film;  the  linear  behavior  indicates  that  it  has  an 
in-plane  easy  axis.  However,  upon  coverage  by  1  A  of  Au 
(slightly  less  than  one-half  of  a  monolayer)  the  slope  in¬ 
creases.  This  indicates  the  Co/Au  interface  has  contributed  a 
perpendicular  component  to  the  anisotropy,  although  the 
overall  easy  direction  still  remains  in  plane.  Continuing  the 
coverage  to  2  A  Au  causes  a  further  increase  in  the  perpen¬ 
dicular  component  of  the  anisotropy,  allowing  the  magneti- 


Overlayer  Coverage  (A) 


FIG.  4.  Total  magnetic  anisotropy  energy  vs  overlayer  coverage  for  XtColY 
structures,  where  (a)  Au/Co(30  A)/Au;  (b)  Pd/Q)(12  A)/Cu;  and  (c)  Pd/ 
Co(12  A)/Ag.  Pronounced  peak  at  2  A  coverage  is  evident  for  all  three 
overlayer  materials. 
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FIG.  5.  Time-evolution  series  of  line  intensity  profiles  measured  across  the 
RHEED  pattern  of  a  Co  surface  as  it  is  progressively  covered  by  Au. 
Heavier  traces  indicate  approximate  coverage  equivalents  of  1  and  2  ML. 
The  Au  growth  is  found  to  be  incoherent  and  strain-free  from  the  first  stages 
of  coverages.  See  the  text  for  a  discussion. 

zation  to  be  saturated  by  our  2.2  kOe  field.  It  is  clear  from 
the  figure  that  further  Au  coverage  above  2  A  then  decreases 
Ihe  perpendicular  anisotropy  contribution. 

Because  we  can  saturate  the  moments  in  this  sample,  we 
are  able  to  deduce  the  anisotropy  field  from  extrapolation  of 
the  hard-axis  curve  to  saturation  and  hence  directly  calculate 
the  total  anisotropy  energy.  Figure  4(a)  is  a  plot  of  the  an¬ 
isotropy  constant  Kj  vs  Au  coverage.  Here  we  have  adopted 
the  convention  used  by  many  researchers,  where  a  positive 
Ki  indicates  perpendicular  anisotropy.  The  most  striking  fea¬ 
ture  is  the  pronounced  peak  at  ~2  A  coverage,  which,  to 
within  our  resolution  and  control,  is  located  just  below  1  ML 
of  ,\u.  The  total  anisotropy  energy  displays  the  same  non¬ 
monotonic  behavior  with  Au  coverage  we  observed  in  the 
coercivity  of  the  perpendicular  films  discussed  earlier.*® 
Above  2  A  Au  coverage,  the  total  anisotropy  becomes  in¬ 
creasingly  negative,  indicating  a  reduction  of  the  perpendicu¬ 
lar  contribution.  The  overall  negative  anisotropy  values  of 
Fig.  4(a)  indicate  an  in-plane  easy  axis  was  maintained 
throughout  the  coverage  range  for  this  particular  Co  thick¬ 
ness. 

Figures  4(b)  and  4(c)  are  plots  of  the  total  anisotropy 
energy  of  12  A  Co  films  as  a  fonction  of  Cu  and  Ag  over¬ 
layer  coverage,  respectively.  A  pronounced  peak  in  the  per¬ 
pendicular  anisotropy  is  also  evident  at  2  A  coverage  for 
both  of  these  materials. 

B.  Changes  In  crystal  structure 

The  role  of  crystal  structure  in  our  observed  coverage- 
dependent  anisotropy  is  an  important  question  that  is  difficult 
to  address.  Because  magnetic  anisotropy  is  very  sensitive  to 
the  local  environment,  subtle  changes  in  atomic  spacings 
could  cause  significant  effects.  We  have  used  RHEED  to 
investigate  coverage-dependent  changes  in  the  surface  lattice 
spacing.  However,  it  must  be  emphasized  that  the  RHEED 

Engel,  Wiedmann,  and  Falco  6403 


geometry  measures  only  the  in-plane  spacings.  Information 
about  the  out-of-plane  spacings  can,  in  principle,  be  obtained 
from  low  energy  electron  diffi'action  (LEED)  intensity  versus 
voltage'  measurements.  These  are  presently  in  progress  and 
will  be  presented  at  a  later  date. 

Figure  5  is  a  series  of  intensity  profiles  measured  across 
a  RHEED,  streak  pattern  showing  the  time  evolution  of  a  Co 
surface  as  it  is  progressively  covered  with  Au.  The  starting 
surface  is  a  fi:eshly  prepared  30  A  Co  film  deposited  on  a  500 
A  Au(lll)  buffer  layer.  The  RHEED  images  were  captured 
every  4  s  during  uninterrupted  Au  deposition  at  a  rate  of  0.1 
A/s,  giving  a  coverage  interval  between  traces  of  ~0.4  A. 
Approximate  coverage  equivalents  of  one  and  two  atomic 
monolayers  are  indicated  with  heavier  traces  in  the  figure. 
The  distance  (pixel  number)  between  the  specular  beam 
maximum  on  the  left  and  the  diffracted  beam  maximum  on 
the  right  is  inversely  proportional  to  the  surface  lattice  spac¬ 
ing  measured  transverse  to  the  e-beam  direction. 

The  first  profile  from  the  bare  Co  surface  shows  intensity 
max’.na  that  are  sharp  and  symmetric.  Upon  partial  coverage 
with  just  0.4  A  Au,  or  roughly  1/6  ML,  the  diffraction  peak 
becomes  asymmetric  with  a  shoulder  forming  at  smaller 
pixel  number,  and  hence  larger  lattice  spacing.  This  indicates 
that  the  Au  grows  incoherently  and  unstrained  at  its  larger 
bulk  lattice  constant  in  the  very  early  stages  of  deposition. 
This  incoherent  growth  is  similar  to  that  seen  for  Co  grown 
on  bulk  single-crystal  Pd(lll),*^  and  is  not  surprising  in 
view  of  the  large  14%  lattice  mismatch  between  Au  and  Co. 
At  the  coverage  equivalent  of  1  ML  (2.4  A),  the  diffraction 
peak  is  composed  of  contributions  from  both  bulk  Au  and 
bulk  Co  spacings.  After  2  ML  of  coverage,  the  peak  is  domi¬ 
nated  by  diffraction  from  the  bulk  Au  spacing. 

These  measurements  suggest  that  because  the  Au  imme¬ 
diately  grows  incoherently  and  strain-free,  the  Co  in-plane 
lattice  spacing  is  unaffected  by  the  Au  overlayer.  Hence, 
magnetoelastic  anisotropy  arising  from  an  in-plane  strain  in 
the  Co  is  unlikely  to  account  for  our  observed  peak  in  per¬ 
pendicular  anisotropy  at  1  ML.  In  addition,  the  fact  that  over¬ 
layers  of  very  different  lattice  mismatch  with  Co  (2%  for  Cu 
and  14%  for  Au)  display  similar  anisotropy  behavior  further 
supports  this  conclusion. 

C.  Changes  in  electronic  structure 

Another  possible  explanation  of  the  observed  coverage- 
dependent  anisotropy  is  that  the  magnetic  interface  anisot¬ 
ropy  is  very  sensitive  to  details  of  the  electronic  band 
structure.'*  Recent  photoemission  measurements  of  Cu  mono- 
layers  deposited  on  ferromagnetic  transition  metals  have 
found  electronic  states  that  deviate  significantly  from  bulk 
behavior.**’**  If  the  hybridization  of  electronic  states  at  the 
Co/y  interface  plays  an  important  role  in  magnetic  anisot¬ 
ropy,  then  variations  of  the  overlayer  band  structure  could 
cause  significant  alterations  of  the  total  anisotropy.  It  is  in¬ 
teresting  to  note  that  the  very  recent  photoemission  measure¬ 
ments  of  1  ML  of  Cu  deposited  on  Co(OOOl)  found  the  Cu 
peak  at  significantly  lower  binding  energy  than  that  of  bulk 
(a  shift  of  approximately  0.25  eV;.*'*  With  further  Cu  cover¬ 
age  the  bulk  peak  rapidly  emerged,  so  that  by  2  ML  only  the 
bulk  Cu  peak  remained.  This  coverage  dependence  of  the  Cu 


electronic  band  structure  is  very  similar  to  what  we  observe 
for  the  magnetic  anisotropy  of  our  Co/Cu  structures.  This 
suggests  a  possible  relation  between  the  two  phenomena,  al¬ 
though  more  work  is  needed  before  this  can  be  uniquely 
determined. 


D.  Co/vacuum  interface  anisotropy 

In  Fig.  4,  the  initial  total  anisotropies  of  the  uncovered 
Co  films  are  strong  and  in-plane  (negative  iiCi).  As  the  over¬ 
layer  coverage  is  increased  from  0  to  2  A,  the  magnitude  of 
this  anisotropy  energy  rapidly  approaches  zero,  indicating 
the  presence  of  an  increasing  perpendicular  contribution  for 
each  of  the  materials  Au,  Cu,  and  Ag.  In  the  cases  of  Ag  and 
Cu,  this  large  increase  in  perpendicular  anisotropy  after  over¬ 
layer  coverage  is  surprising,  in  light  of  the  very  weak  inter¬ 
face  anisotropy  displayed  in  Co/Ag  and  Co/Cu  multilayers.** 
One  possibility  is  the  existence  of  a  large,  in-plane  Co/ 
vacuum  interface  anisotropy  that  is  being  replaced  by  a  per¬ 
pendicular  contribution  from  the  forming  Co/T  interface. 
Such  a  large  in-plane  vacuum  interface  anisotropy  has  re¬ 
cently  been  observed  in  FCC  Co(lOO)  films.*^ 

We  can  estimate  the  strength  of  the  Co/UHV  interface 
anisotropy,  by  calculating  the  difference  between  the 
total  anisotropy  energy  of  the  uncovered  and  completely  cov¬ 
ered  Co  films  of  Fig.  A  The  total  anisotropy  of  the  uncovered 
film  can  be  written  as 

Ku=K,+-^  +-r- .  (2) 


where  is  the  volume  anisotropy  including  crystalline  and 
shape  contributions,  is  the  interface  anisotropy  from  the 
Co/substrate  interface,  and  /q,  is  the  Co  film  thickness. 

If  we  now  make  the  reasonable  assumption  that  there  is 
no  change  in  volume  or  substrate  interface  anisotropy  upon 
complete  coverage  by  the  nonmagnetic  overlayer,  then  K„ 
after  coverage  can  be  written  as 


(3) 


Here  the  UHV  interface  has  been  completely  replaced  by  the 
y  overlayer. 

Taking  the  difference  between  Eqs.  (2)  and  (3)  gives  for 
the  Co/UHV  interface  anisotropy 

(4) 

Using  values  from  the  multilayer  literature^  for  {Y = Au, 

Ag,  and  Cu)  yields  a  range  of  values  --  0.2  ^  /f^**'^ 
0.5  erg/cm^,  depending  on  the  substrate/overlayer  com¬ 
bination.  These  variations  may  be  due  to  chang  s  in  volume 
anisotropy  not  accounted  for  in  this  analysis.  However,  all 
the  estimates  suggest  a  fairly  strong  in-plane  Co/UHV  inter¬ 
face  anisotropy  for  the  FCC  (111)  face.  More  work  is  needed 
to  refine  these  values. 


V.  SUMMARY 

We  have  used  in  situ  polar  Kerr  ellipticity  measurements 
to  study  the  perpendicular  magnetic  behavior  of  MBE-grown 
XICofY  sandwich  structures,  where  Ar=Au  and  Pd  and 
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Y = Ag,  Auj  and  Cu.  For  all  three  nonmagnetic  overlayer  ma¬ 
terials,  we  find  a  rapid  increase  in  the  perpendicular  anisot¬ 
ropy  after  only  2  A  (~1  ML)  overlayer  coverage.  We  find 
this  perpendicular  anisotropy  is  anomalously  peaked  at  a 
coverage  of  ~1  ML  and  decreases  significantly  with  further 
overlayer  deposition.  From  these  measurements,  we  find  the 
Co(lll)AJHV  interface  anisotropy  to  be  strong  and  in  plane. 
ITie  unusual  coverage-dependent  anisotropy  presented  here 
will  provide  an  additional  test  for  theoretical  explanations,  of 
the  magnetic  anisotropy  at  surfaces  and  interfaces  in  layered 
metallic  systems. 
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interfacial  anisotropy  and  magnetic  transition  of  cobalt  films  on  Cu(111) 
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We  measure  the  magnetic  properties  of  ultrathin  films  of  Co  epitaxially  grown  on  single  crystal 
Cu(lll)  using  surface  magneto-optic  Kerr  effect.  The  magnetic  behavior  is  compared  with  that  of 
the  same  films,  but  covered  by  Cu  overlayers  to  study  the  effects  of  film  morphology  on 
ferromagnetism.  The  uncapped  films  show  mainly  in-plane  anisotropy,  but  a  weak  perpendicular 
magnetization  is  always  present.  Capping  a  1.5  monolayer  (ML)  Co  film  with  Cu  significantly 
enhances  perpendicular  anisotropy  with  1  ML  of  Cu  overlayer  eliminating  the  in-plane 
magnetization  completely.  The  perpendicular  magnetization  reaches  its  maximum  value  with  3  ML 
of  Cu  overlayer,  ~5  times  higher  than  the  uncapped  films,  and  then  decreases  as  more  Cu  is 
deposited.  Annealing  can  further  increase  the  perpendicular  magnetization  with  the  in-plane 
component  remaining  weak.  In  sharp  contrast,  this  perpendicular  anisotropy  enhancement  by  Cu 
overlayers  is  not  seen  for  Co  films  on  Cu(lOO).  The  temperature  dependence  of  magnetization  fits 
to  the  phenomenological  power  law  M~(l  -  TITq)^  with  ;8=0.15±0.05  for  the  uncapped  1.5  ML 
Co  film  and  shows  a  linear  behavior  after  the  film  is  covered  by  Cu  overlayers. 


INTRODUCTION 

Cu-coated  polycrystalline  thin  films  of  Co  grown  on 
Cu(lll)  have  been  shown  to  have  strong  perpendicular  an¬ 
isotropy  and  exhibit  Ising  behavior  over  a  wide  temperature 
range.'  ITiis  is  an  interesting  result,  since  as-grown  Co  films 
generally  show  in-plane  anisotropy,^’^  and  Ising  behavior  is 
usually  observed  in  highly  flat  single  crystal  films  with 
strong  uniaxial  anisotropy.''’^  The  crucial  factor  could  be  the 
Cu  overlayer,  which  tends  to  enhance  the  perpendicular  an¬ 
isotropy.  This  enhancement  has  been  previously  reported  in 
many  sandwich  systems,  such  as  Au/Co/Au(lH\'’ 
Pd/Co/Pd(lll),’’*  Cu/Co/Pddll)"  and  Ni/Co/Ni  superlat¬ 
tices.’  However,  the  question  of  what  happens  to  the  mag¬ 
netic  phase  transition  behavior  when  the  anisotropy  is  delib¬ 
erately  altered,  e.g.,  by  transition  metal  coating,  remains 
open. 

In  this  paper,  we  report  measurements  of  ultrathin  Co 
films  gro-  "•  on  a  Cu(lll)  single  crystal.  The  magnetic  prop¬ 
erties  are  "  pared  with  those  of  the  same  films  but  covered 
by  Cu  overlayers.  Using  the  magneto-optic  method,  we  have 
investigated  the  anisotropy,  magnetic  transition  behavior,  and 
the  effects  of  crystal  symmetry  on  the  magnetic  properties. 

EXPERIMENTAL 

Thill  Co  films  were  grown  at  room  temperature  on  a 
Cu(lll)  single  crystal  using  molecular  beam  epitaxy  (MBE). 
The  Cu  crystal  was  cut  along  the  [11  ]  direction  within  0.5° 
using  x-ray  alignment.  It  was  mechanically  polished  down  to 
0.05  pm  followed  by  electropolishing  before  being  intro¬ 
duced  into  the  vacuum.  After  a  few  cycles  of  500  eV  Ar^ 
bombardment  and  annealing  to  700  K  for  hours,  the  crystal 
was  free  of  contamination  as  determined  by  Auger  electron 
spectroscopy  (AES)  and  showed  a  sharp  p(lXl)  low-energy 
electron  diffraction  (LEED)  pattern. 

Film  thickness  was  controlled  by  quartz  crystal  mi¬ 
crobalance  calibrated  with  reflection  high-energy  electron 
diffraction  (RHEED)  oscillations.  Co  on  Cu(lll)  does  not 
show  RHEED  oscillations,  although  it  has  been  shown  to  be 
a  good  epitaxial  system  with  metastable  FCC  layer-by-layer 


growth  up  to  three  monolayers  of  Co.'"’"  However,  Co  on 
Cu(lOO)  does  have  well-resolved  RHEED  oscillations,  and 
can  be  used  to  calibrate  the  film  thickness  for  Co  on  Cu(lll). 
Since  the  atomic  area  density  of  Cu(lOO)  is  86.6%  of  the 
Cu(lll)  sunace,  the  thickness  on  Cu(lll)  is  86.6%  of  that 
on  Cu(lOO),  given  the  same  amount  of  deposited  material. 

Magnetic  properties  were  studied  in  situ  using  surface 
magneto-optic  Kerr  effect  (SMOKE)  in  the  UHV  chamber 
with  a  base  pressure  lower  than  2X10“'"  mbar.  The  external 
magnetic  field  can  be  applied  both  parallel  and  perpendicular 
to  the  film  plane  to  detect  longitudinal  and  polar  hysteresis 
loops,  respectively.  To  study  the  magnetic  transition,  the  Kerr 
intensity  (retentivity  of  the  hysteresis  loops)  was  measured 
as  a  function  of  substrate  temperature,  which  was  ramped  at 
a  constant  rate  of  6  K  per  second.  Assuming  the  transition 
follows  a  phenomenological  power  law  M~(l  -  TITc)^,  we 
fit  the  Kerr  intensity  data  to  obtain  the  Curie  temperature  Tc 
and  power  law  exponent  p. 

RESULTS  AND  DISCUSSION 

The  ultrathin  Co  films  on  Cu(lll)  have  predominantly 
in-plane  anisotropy,  but  a  weak  perpendicular  magnetization 
with  high  coercivity  is  always  present.  Generally,  a  mild  an¬ 
nealing  reduces  the  coercivity  and  increases  the  perpendicu¬ 
lar  magnetization.  However,  a  more  dramatic  change  in  an¬ 
isotropy  is  seen  from  the  effect  of  a  Cu  coating.  As  shown  in 
Fig.  1  for  a  1.5  ML  of  Co  film,  one  monolayer  of  Cu  com¬ 
pletely  wipes  out  the  in-plane  hysteresis  loop  and  enhances 
the  perpendicular  magnetization  by  a  factor  of  3.  At  the  same 
time,  the  coercivity  of  the  perpendicular  loop  is  significantly 
reduced.  This  trend  continues  until  a  Cu  overlayer  thickness 
of  three  monolayers,  where  the  perpendicular  magnetization 
is  nearly  five  times  higher  than  the  uncovered  film.  Fig.  2. 

The  enhancement  of  perpendicular  anisotropy  by  transi¬ 
tion  metal  overlayers  can  be  counted  for  by  two  competing 
anisotropies:  a  surface  anisotropy  that  is  due  to  reduced  sym¬ 
metry  at  the  surface  and  favors  perpendicular  spin  orienta¬ 
tion;  and  a  shape  anisotropy,  which  tends  to  orient  the  mag¬ 
netization  parallel  to  the  film  plane  and  increases  with 
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FIG.  1.  Longitudinal  (in-plane)  and  polar  (perpendicular)  hysteresis  loops  of 
X  ML  Cuyi.5  ML  Co/Cu(lll)  measured  at  room  temperature  (x 
=0,1, 2, 3, 4).  The  loops  under  the  dashed  line  are  for  the 
4  ML  Cu/1.5  ML  Co/Cu(lll)  film  after  annealed  to  600  K. 


increasing  film  thickness.  A  balance  between  these  compet¬ 
ing  anisotropies  determines  the  overall  direction  of  the  mag¬ 
netization  of  the  film.  The  Cu  overlayers  provide  a  second 
interface,  which  increases  the  surface  anisotropy  and  orient 
the  spins  perpendicular  to  the  film  plane. 

Also  shown  in  Fig.  1  is  the  annealing  effect  on  the  thin 
film  anisotropy.  For  the  same  Co  film  with  4  ML  of  a  Cu 
overlayer,  the  perpendicular  loop  is  much  larger  after  anneal¬ 
ing  to  600  K.  Similar  results  have  also  been  observed  in 
Fe-Pd  alloy  films. The  similarity  between  annealing  and 
Cu  capping  suggests  that  annealing  causes  Cu  segregation  on 
of  Co  to  form  an  overlayer,'^  and  hence  changes  the 
surface  anisotropy.  In  addition,  annealing  changes  the  micro- 
structure  of  the  film,  such  as  roughness  and  lattice  mismatch- 


Fio.  2.  Polar  Kerr  Intensity  of  x  ML  Cu/1.5  ML  Co/Cudll)  films  as  a 
function  of  Cu  overlayer  thickness  x,  showing  the  enhancement  of  perpen¬ 
dicular  magnetization  by  Cu  capping. 
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FIG.  3.  Longitudinal  and  polar  hysteresis  loops  of  1.8  ML  Co/Cu{100) 
measured  at  150  K  before  and  after  the  coverage  of  2  ML  of  Cu. 


induced  strains,  which  can  give  rise  to  a  modified  magneto¬ 
crystalline  and  magnetoelastic  surface  anisotropy. 

This  is  in  sharp  contrast  to  the  same  experiment  on 
Cu(lOO)  shown  in  Fig.  3,  where  the  hysteresis  loops  of  a  1.8 
ML  Co  film  are  compared  before  and  after  2  ML  of  Cu 
coverage.  The  magnetization  of  ultrathin  Co  films  on 
Cu(lOO)  lies  in  plane.  Cu  capping  has  little  effect  on  both 
parallel  and  perpendicular  loops.  This  is  consistent  with  the 
Brillouin  light  scattering  measurements,'*  which  showed  that 
Cu  capping  can  increase  the  perpendicular  surface  anisotropy 
(kj  from  -0.46  to  0.15  erg/emO  for  the  Co  films  on  Cu(lOO) 
at  thicknesses  larger  than  dc  ~2  ML.  However,  below  dc , 
where  the  uncovered  Co  films  already  have  positive  ,  it 
remains  nearly  the  same  after  Cu  capping. 

The  [111]  direction  is  the  easy  axis  for  a  bulk  Co  crystal. 
Thin  films  of  Co  grown  on  (111)  FCC  surfaces  have  a  much 
stronger  perpendicular  anisotropy  than  those  grown  on  the 
(100)  surfaces  due  to  magnetocrystalline  anisotropy.  For  ex¬ 
ample,  the  magnetization  of  Co  was  found  to  experience  a 
crossover  from  perpendicular  to  in  plane  at  about  1-2  ML  on 
Pd(lOO)  and  at  6  ML  on  Pd(lll).'^  Cu  capping  generally 
enhances  the  perpendicular  anisotropy,  but  this  change  could 
be  small  compared  with  the  strong  in-plane  anisotropy  on  the 
(100)  surface. 

Figure  4  shows  the  magnetic  phase  transition  behavior  of 
?  1.5  ML  of  Co  on  Cu(lll),  comparing  beforv  md  after  Cu 
capping.  For  the  uncovered  film  (solid  circle),  the  Kerr  in¬ 
tensity  was  taken  from  the  in-plane  hysteresis  loops.  Fitting 
to  the  power  law  A/~(l-7’/7’c)^  gives  ^=0.15±0.05.  Al¬ 
though  it  is  close  to  the  Ising  P  value  of  0.125,  this  is  by  no 
means  an  ideal  Ising  system,  due  to  the  presence  of  both 
in-plane  and  perpendicular  anisotropy,  and  the  pronounced 
finite  size  rounding  above  Tq  (Fig.  4).  The  Cu-capped  same 
Co  film  (open  circle)  displays  a  strong  perpendicular  anisot¬ 
ropy.  However,  the  polar  Kerr  intensity  now  decreases  lin¬ 
early  with  increasing  temperature.  The  linear  decrease  of 
magnetization  with  temperature  is  often  associated  with  the 
formation  of  islands  and  clusters,  which  exhibit  superpara- 
magnetic  behavior  over  a  broad  range  of  temperature  and 
cluster  sizes.*’’'*  These  superparamagnetic  islands  and  lateral 
inhomogeneities  lead  to  a  fast  linear  decrease  at  lower  tem- 
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FIG.  4.  Kerr  intensity  as  a  function  of  temperature  comparing  the 
l.S  ML  Co/Cu(lll)  film  (#,  longitudinal)  and  the  same  film  but  covered 
by  4  ML  of  Cu  (O,  polar).  The  solid  line  is  the  power  law  fit  with  7’<;=460 
K  and  ^=0.15. 


peratures.  Similar  results  have  also  been  reported  in  Moss- 
bauer  studies. 

These  results  are  very  different  from  those  reported  in 
Ref.  1,  which  showed  that  the  magnetic  phase  transition  of  a 
monolayer  Co  follows  the  exact  Ising  behavior.  The  Co  film, 
quite  different  from  our  single  crystal  Co  films,  was  prepared 
on  the  polycrystalline  Cu(Ul)  grains  grown  on  sapphire 
(1120)  surface  then  coated  with  Cu  before  taken  out  to  the  air 
for  the  torsion  oscillation  magnetometry  measurements.  Al¬ 
though  we  cannot  say  for  sure  what  has  caused  or  destructed 
the  Ising  character,  the  different  film  surface  and  interface 
microstructure  is  certainly  playing  an  important  role  in  de¬ 
termining  the  magnetic  critical  behavior.  More  expeiiments 
are  underway  to  study  the  structure-property  relationships. 

SUMMARY 

We  have  observed  a  dramatic  enhancement  of  the 
uniaxial  perpendicular  anisotropy  by  depositing  Cu  overlay¬ 
ers  on  Co  films  on  Cu(lll),  One  monolayer  of  Cu  on  top  of 
a  1.5  ML  Co(lll)  film  can  raise  the  perpendicular  magneti¬ 


zation  by  a  factor  of  3,  reduce  the  coercivity  by  a  factor  of  2, 
and  eliminate  the  in-plane  magnetization  completely.  An¬ 
nealing  has  the  similar  effect  to  Cu  capping  on  anisotropy 
due  to  changes  in  film  microstructure  and  copper  segregation 
at  the  free  surface.  The  anisotropy  change  induced  by  Cu 
overlayers  is  small  for  Co  films  on  Cu(lOO).  The  uncovered 
film  exhibits  a  power  law  behavior  with  )3=0.15±0.05,  in 
contrast  to  the  linear  temperature  dependence  of  magnetiza¬ 
tion  for  the  Cu-capped  same  film.  These  results  emphasize 
the  dramatic  role  of  the  interface  properties  in  determining 
the  magnetic  behavior  of  magnetic  superlattices  and  sand¬ 
wich  systems. 
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Local  spin-density  theory  of  interface  and  surface  magnetocrystailine 
anisotropy:  Pd/Co/Pd(001)  and  Cu/Co/Cu(001)  sandwiches 

Dihg-sheng  Wang  Ruqian  Wu,  and  A.  J.  Freeman 

Department  of  Physics  and  Astronomy,  Northwestern  University,  Evanston,  Illinois  60208-3112 

The  interface  magnetocrystailine  anisotropy  (MCA)  of  Cu/Co/Cu(001)  and  Pd/Co/Pd(001) 
sandwiches  are  investigated,  employing  our  recently  developed  state  tracking  approach  based  on  the 
full  potential  linearized  augmented  plane  wave  energy  band  method.  The  strong  negative  MCA 
energy  for  the  Co  monolayer  is  found  to  be  decreased  for  Co/Cu,  and  even  becomes  positive  for 
Co/Pd  due  to  the  interfacial  hybridization,  which  reduces  the  spin  orbit  coupling  (SOC)  between  the 
^xz,yz  ~  rfjZpairatM 


Although  some  first  principles  calculations  of  the  mag¬ 
netocrystailine  anisotropy  (MCA)  energy  for  interfacial  sys¬ 
tems  have  been  carried  out  (e.g.,  for  X/Co/X{lU)  with 
A'=Cu,  Ag,  and  Pd'),  a  simple  physical  picture  has  not  been 
provided  due  to  the  strong  numerical  random  fluctuations  in 
the  results  (with  respect  to  both  the  occupation  and  number 
of  k  points).^  Based  on  our  recently  proposed  state  tracking 
approach^  and  the  full  potential  linearized  augmented  plane 
wave  (FLAPW)  method,  we  found  a  close  relationship  be¬ 
tween  the  MCA  energy  and  the  electronic  structure  for  re¬ 
duced  symmetry  systems.  The  strong  negative  MCA  energy 
of  the  Co  monolayer,'*  for  example,  results  mainly  from  the 
spin-orbit  coupling  (SOC)  perturbation  between  antibonding 
and  bonding  xz(yz)  states  near  A/.'*’^  Interfacial  hybrid¬ 
ization  was  found  to  affect  the  MCA  in  the  Co  layer  mainly 
via  the  reduction  of  the  SOC  perturbed  energy  between  this 
pair  by  enlarging  their  energy  separation  (in  Co/Cu)^  or  by 
changing  their  occupancies  (in  Co/Pd).^ 

In  this  paper  we  discuss  the  calculated  results  of  the 
MCA  energy  for  Cu/Co/Cu(001)  and  Pd/Co/Pd(001)  sand¬ 
wiches  and  reveal  the  underlying  physics.  A  five  layer  slab 
model  is  adopted  to  simulate  the  interfaces  with  the  Co  atom 
lying  at  the  ideal  position  in  the  substrate  lattices  (without 
possible  atomic  relaxation).  From  the  well-converged  charge 
density  and  potential  obtained  through  the  semirelativistic 
FLAPW  calculations,  the  SOC  induced  change  of  the  total 
energy  is  derived  from  a  second  variational  procedure,^  i.e., 
based  on  a  force  theorem’  and  the  state  tracking  approach.^ 
Summation  over  66  k  points  in  the  |  irreducible  two- 
dimensional  BZ  (conesponding  to  400  k  points  in  the  full 
BZ)  is  found  to  be  sufficient  to  provide  stable  MCA  energies. 

It  is  well  known  that  the  MCA  is  determined  by  the  SOC 
interaction  between  the  occupied  and  the  empty  valence 
states  (3d  for  Co).  Due  to  the  lowered  symmetry  at  surfaces 
and  interfaces,  the  MCA  energy  depends  on  the  second-order 
perturbation  of  the  SOC  Hamiltonian  (H^=is-L).  There¬ 
fore,  any  coupling  through  L^  y(Lf)  will  favor  the  in-plane 
(perpendicular)  MCA.  For  the  free-standing  Co  monolayer, 
the  coupling  (through  L^^y)  between  the  bonding  and 
the  antibonding  states  dominates  around  M  and  most 
parts  of  the  BZ — resulting  in  a  strong  negative  MCA  energy 
(-1.35  eV/atom). 


•'Present  address:  Institute  of  Physics,  Academia  Sinica,  Beijing  100080, 
China. 


Upon  contact  with  a  nonmagnetic  substrate  at  the  inter¬ 
face,  the  energies  and  the  wave  functions  of  the  Co-d^z  and 
Co-dxz,yz  states  (both  point  out  of  the  plane)  will  be  changed 
by  the  interfacial  hybridization.  Figure  1  presents  the  energy 
positions  of  the  hybridized  states  at  M  for  Cu/Co/Cu(001) 
and  Pd/Co/Pd(001)  sandwiches  and  their  components  pro¬ 
jected  back  to  the  states  for  the  free-standing  Co  monolayer. 
For  the  Cu/Co/Cu  system,  the  out-of-plane  d^^  y^  states  is 
pulled  down  by  the  Cu  d  bands,  while  the  Co-d^i  state  re¬ 
mains  almost  unaffected,  since  it  separates  far  from  the  Cu-d 
bands  in  energy.  By  contrast,  at  the  Co-Pd  interface,  both 
Co-dxz^yz  and  Co-d^z  states  are  strongly  affected.  A  substan¬ 
tial  component  (53%)  the  Co-d^^  y^  wave  function  is  now  in 
the  hybridized  states,  which  are  shifted  upward  by  about  0.7 
eV — already  lying  slightly  above  Ef. 

These  hybridizations  are  expected  to  affect  the  strength 
of  the  SOC  perturbation  between  the  Co-d„  yj  and  the 
Co-d^z  states,  and  thus  the  MCA  energy.  Figure  2  gives  the 
band  filling  dependences  of  the  MCA  energies  for  the  Cu/ 
Co/Cu  and  Pd/Co/Pd  sandwiches.  For  comparison,  the  MCA 
energy  of  a  free-standing  Co  monolayer  is  also  shown  in  Fig. 
2,  which  exhibits  the  band  filling  dependence  typical  for  3d 
transition  metal  monolayers.^  It  is  characterized  by  the  strong 


FIG.  1.  Comparison  of  the  effect  of  the  Co-Pd  and  Co-Cu  interface  on  the 
Co-d  electron  states  at  M.  Numbers  are  the  percentage  of  the  Co-d  compo¬ 
nent  inside  the  Co  muffin-tin  spheres. 
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FIG.  2.  G)mparison  of  the  effect  of  the  Co-Pd  and  Q)-Cu  interface  on  the 
MCA  contribution  calculated  when  only  the  SOC  inside  the  Co  muffin-tin 
spheres  is  included.  Results  are  plotted  as  a  function  of  the  number  of 
valence  electrons  by  employing  a  rigid  band  approximation.  Long-dashed, 
short-dashed,  and  solid  lines  are  for  Co  ML,  Cu/Co/Cu,  and  Pd/Co/Pd  sand¬ 
wiches,  respectively.  (A  Gaussian  broadening  with  full  width  of  40  meV  was 
employed.) 


negative  peak  at  about  half-occupation  of  the  spin-down  d 
band  and  a  change  of  the  MCA  sign  at  a  slightly  smaller 
occupation. 

Obviously,  for  Pd/Co/Pd  the  negative  peak  of  the  MCA 
is  still  as  strong  as  for  a  free-standing  monolayer,  but  its 
position  has  been  largely  shifted  to  the  larger  band  filling 
region.  This  behavior  is  caused  mostly  by  the  change  of  the 
upward  shift  of  the  out-of-plane  bands  (cf.  Fig.  1)  into 
the  empty  part,  and  thus  the  reduction  in  the  negative  MCA 
energy  results  from  the  SOC  (through  L_t)  between  the 
Co-d^2  and  Co-d^^^  states.  As  a  result,  a  positive  MCA 
energy  for  Pd/Co/Pd,  0.55  meV  (only  SOC  for  a  Co  atom),  is 
achieved  at  the  physical  value  of  band  filling.  This  behavior 
is  in  some  sense  very  similar  to  the  origin  of  the  positive 
MCA  energy  for  a  free  standing  Fe  monolayer*  according  to 
the  relative  position  of  the  states,  with  respect  to  Ep. 
In  the  case  of  a  free  standing  Fe  monolayer,  the  is 
empty  because  there  is  one  less  electron/atom,  but  for  the 
Co/Pd  interface,  it  is  due  to  the  upward  shift  of  the  bonding 
Co-d^^  y2  states. 

This  behavior  is  in  clear  contrast  to  the  behavior  of  the 
Co-Cu  interface,  where  only  the  magnitude  of  the  negative 
MCA  energy  peak  is  greatly  reduced,  and  the  change  of 
MCA  sign  is  shifted  to  the  region  with  lower  band  filling 
(short  dashed  line  in  Fig.  2)  due  to  the  downward  shift  of  the 
out-of-plane  bonding  bands.  This  is  expected,  since,  as 
sho  vn  in  Fig.  1,  the  Co-dx2,yz  state  is  drawn  down  by  the 
lower-lying  Cu-d  bands,  while  the  Co-d^i  state  remains  al- 
t  lost  unaffected. 

Now  it  is  clear  that  the  effects  of  the  nonmagnetic  sub- 
s*rates  on  the  MCA  in  the  Co  layer  arise  mainly  from  the 


Contribution  of  the  SOC  of  Co  and/or  Pd  atoms 
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FIG.  3.  MCA  of  the  Pd/Co/Pd{001)  sandwich  (solid  line),  and  the  contribu¬ 
tion  of  the  Co  SOC  (long  dashed  line)  and  the  contribution  (per  Pd  atom)  of 
the  Pd  SOC,  plotted  as  a  function  of  the  highest  occupation  energy.  (A 
Gaussian  broadening  with  a  full  width  of  40  meV  was  employed.) 

hybridization  with  the  Co-d^i  and  Co-d^^^  states.  Obvi¬ 
ously,  also  as  revealed  in  an  effective  ligand  interaction 
model  (ELIM),*  (i)  the  energy  separation  between  the  Co  and 
substrate  d  bands;  and  (ii)  the  strength  of  the  interfacial  hy¬ 
bridization  play  the  key  roles  in  determining  the  MCA  en¬ 
ergy.  The  stronger  the  hybridization,  the  more  the  perpen¬ 
dicular  MCA  prevails.  This  explains. the  difference  between 
two  groups  of  substrates  on  the  Co  MCA  (i.e.,  perpendicular 
MCA  with  Pd,  Au,  and  Ir,  and  in-plane  MCA  with  Cu  and 
Ag). 

Finally,  beyond  the  effects  of  the  chemical  interaction 
discussed  above,  the  SOC  in  the  substrate  may  also  affect  the 
MCA  in  the  magnetic  layer.  In  the  Cu/Co/Cu  sandwich,  the 
spin-polarization  of  the  Cu  bands  is  small,  and  thus  the  ef¬ 
fects  of  the  SOC  in  Cu  muffin-tin  spheres  are  negligible.* 
However,  in  the  case  of  Co-Pd,  the  strong  exchange  inter¬ 
action  produces  an  appreciable  spin-polarization  at  the  Pd 
sites  (M=0.20-0.37yiig).  Meanwhile,  as  is  known,  the 
SOC  constant,  of  the  heavier  Pd  atom  is  about  three  times 
larger  than  that  for  Co.  Therefore,  the  contribution  to  the 
MCA  of  the  substrate  Pd  atoms  becomes  comparable  with 
that  from  the  SOC  in  the  Co  layer. 

The  results  of  the  MCA  contribution  (per  Pd  atom)  cal¬ 
culated  with  only  the  SOC  of  the  Pd  atoms  is  given  in  Fig.  3. 
Although  the  magnitude  of  this  contribution  is  still  smaller 
than  that  from  the  Co  SOC,  it  is  obviously  not  negligible,  as 
in  the  case  of  the  Cu  substrate.  Since  in  the  structure  em¬ 
ployed  each  unit  cell  contains  four  Pd  atoms  (versus  one  Co 
aiom),  the  contribution  from  the  Pd  SOC  becomes  even  more 
prominent  in  determining  the  total  MCA  (per  unit  cell).  The 
total  MCA  calculated  with  the  SOC  in  both  Co  and  Pd 
muffin-tin  spheres  is  also  shown  in  Fig.  3.  It  is  seen  to  be  not 
simply  the  sum  of  the  two  contributions  obtained  by  includ¬ 
ing  the  Co  or  Pd  SOC  separately,  because  the  MCA  comes 
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from  the  secondrorder  SOC  petobation,  aiid  so  cross  terms 
should  also  exist.  Note  that  the  general  trend  of  the  variation 
of  the  total  MCA  with  respect  to  the  band  filling  follows 
approximately  the  curve  of  the  contribution  from  the  Co 
SOC  only.  This  shows  that  the  magnetic  Co  layer  plays  the 
most  important  role  in  determining  the  MCA  behavior  of  this 
interface,  although  inclusion  of  the  Pd  SOC  does  make  a 
difference.  The  resultant  MCA  becomes  0.23  meV  (per  unit 
cell)  compared  to  0.55  meV  when  only  the  Co  SOC  is  con¬ 
sidered. 
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Perpendicular  magnetic  anisotropy  in  Co^Pd^.x  alloy  films  grown 
by  nriblecUiar  beam  epitaxy 
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We  have  grown  face-centered  cubic  (FCC)  (111)-  and  (OOl)-oriented  Co^Pdi_;(  alloy  films 
(x®=0.20-0.25)  by  molecular  beam  epitaxy  on  (lll)Si  and  (OOl)MgO  substrates,  respectively,  with 
thicknesses  «»200-1000  A.  Magnetization  (SQUID)  measurements  show  that  both  (111)  and  (100) 
films  present  a  perpendicular  easy  axis,  indicating  that  a  strong  magnetic  anisotropy  overcomes  the 
demagnetfeing  field  favoring  the  in-plane  orientation.  We  have  studied  this  magnetic  anisotropy  by 
combining  SQUID  and  torque  measnrements.  Our  experimental  results  cannot  be  accounted  for  by 
only  invoking  the  magnetocrystalline  anisotropy  of  a  disordered  solid  solution  of  Co  in  FCC  Pd,  and 
rather  indicate  an  anisotropic  distribution  of  Co  in  the  Pd  host. 


» 


ITiere  has  been  significant  interest  in  the  use  of  Co/Pd 
multilayers  for  magneto-optic  recording,  due  to  the  observed 
perpendicular  magnetization  of  ultrathin  Co  layers,  and  the 
large  magneto-optical  Kerr  rotation  measured  in  these 
materials.’  More  recently,  it  has  been  found  that  Co-Pd  al¬ 
loys,  deposited  by  evaporation,  electrodeposition,  or  sputter¬ 
ing  with  a  (111)  texture,  also  display  perpendicular  anisot¬ 
ropy  and  a  large  magneto-optical  constant.^'^  Whereas  the 
origin  of  perpendicular  anisotropy  in  Co/Pd  multilayers  is 
usually  attributed  to  magnetic  interface  anisotropy,  the 
source  of  anisotropy  in  Co-Pd  alloys  has  not  been  fully  ex¬ 
plained.  In  this  paper,  we  present  the  fabrication  and  study  of 
Co-Pd  alloys  fabricated,  for  the  first  time,  using  molecular 
beam  epitaxy  (MBE).  The  advantage  of  the  MBE  approach  is 
to  allow  the  simultaneous  study  of  films  prepared  in  various 
orientations,  using  different  single-crystal  substrates.  In  this 
manner,  the  dependence  of  the  magnetic  anisotropy  on  crys¬ 
talline  orientation  can  be  explored. 

Samples  were  grown  by  MBE  onto  single-crystal  (lll)Si 
or  (lOO)MgO  substrates,  with  substrate  temperatures 
r^^SO  °C,  using  separate  effusion  cells  for  Pd  and  Co.  The 
growth  rate  of  the  alloy  films  was  »6  A/min.  (lll)Si  sub¬ 
strates  were  cleaned  chemically  prior  to  their  introduction  in 
the  vacuum,  and  deoxidized  by  heating  above  800  °C  in  ul- 
trahigh  vacuum  (UHV).  Prior  to  the  deposition  of  Co-Pd,  a 
75  A-thick  buffer  layer  of  (lll)Ag  was  deposited,  primarily 
to  prevent  a  chemical  reaction  of  the  alloy  with  the  substrate. 
In  the  case  of  (lOO)MgO,  substrates  were  cleaned  in  UHV  by 
heating  to  450  °C  for  20  mins.  A  15  A  Fe  buffer  layer  was 
then  deposited  at  80  °C,  to  provide  a  flat  (100)  surface  for  the 
growth  of  the  alloy. 

Figure  1(a)  shows  the  10  keV  reflection  high-energy 
electron  diffraction  (RHEED)  pattern  obtained  after  growth 
of  a  600  A-thick  nominal  Coo,25Pdo.75  sample  on  (lll)Si. 
This  pattern,  which  upon  rotation  is  found  to  be  sixfold  sym¬ 
metric  in  the  plane  of  the  sample,  is  characteristic  of  epitax¬ 
ial  growth,  at  least  over  lateral  distances  greater  than  the 
electron  coherency  length  (a  few  hundred  A).  The  broaden¬ 
ing  of  the  lines  and  slightly  diffuse  background  indicates 
contributions  from  misorientel  regions  in  the  sample.  The 
6-26  x-ray  diffraction  pattern  of  this  sample  is  shown  in  Fig. 
2(a),  where  it  can  be  seen  that  the  main  contribution  to  the 


diffraction  (besides  the  Si  substrate)  is  the  face-centered  cu¬ 
bic  (FCC)  (111)  peak  of  the  alloy.  The  peak  shape  is  slightly 
asymmetric,  suggesting  a  slight  distribution  of  Co  concentra¬ 
tions  withij.  the  area  sampled  by  the  x-ray  beam,  or  a  di:tri- 
bution  of  lattice  constants  due  to  epitaxial  strain  near  the 
Ag/CoPd  interface.  The  position  of  the  peak  maximum 
yields  a  lattice  spacing  of  0=3.826  A,  which  corresponds  to 
a  Co  concentration  of  19  at.  %,  assuming  a  linear  deviation 
from  the  bulk  Pd  parameter  (3.890  A)  toward  the  bulk  FCC 
Co  parameter  (3.544  A).  The  electron  diffraction  pattern  of 
this  sample,  obtained  in  cross  section,  is  shown  in  Fig.  1(b). 
In  addition  to  the  bulk  Si  contributions,  one  clearly  sees  a 
strong  contribution  (#1)  along  the  growth  axis,  which  is  re¬ 
lated  to  the  (111)  FCC  peak  of  the  Co-Pd  alloy.  We  also 
observe  additional  weak  off-axis  contributions  (#2)  from 
(200)  and  (111)  peaks.  Their  existence  and  position  indicate 
that  part  of  the  sample  is  well  crystallized  with  its  (110)  FCC 
axis  parallel  to  the  (110)  axis  of  Si.  A  detailed  analysis  of 
these  contributions  reveal  that  this  part  of  the  alloy  is 
twinned  along  the  (111)  FCC  growth  axis.  Finally,  a  close 
examination  of  the  pattern  reveal  other  contributions  (#3), 
which  are  randomly  located  in  a  circle  corresponding  to  fiie 


FIG  1.  (a)  RHEED  pattern  obtained  after  deposition  of  a  600  A  film  of 
Coo25Pdo75  on  (lll)Si  with  a  Ag  buffer  layer,  (b)  Electron  diffraction  pat¬ 
tern  of  the  same  sample,  obtained  in  a  cross  section,  along  the  (110)  axis  of 
Si.  The  strongest  peaks  originate  from  the  substrate,  while  the  weaker  ones 
are  related  to  the  alloy  (see  the  text  for  details). 
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FIG.  2.  (a)  The  6--20  x-ray  diffraction  pattern  of  a  (lll)-oriented 
Coo,25Pdo75  alloy,  using  Cu  radiation.  The  Ag(lll)  peak  comes  from  the 
Ag  buffer  and  cap  layers,  (b)  X-ray  diffraction  pattern  of  as-deposited  (001)- 
oriented  Cooi5pdo,75  alloy  film  grown  on  (lOO)MgO.  The  shoulder  to  the 
right  of  the  MgO  peak  is  due  to  unfiltered  substrate  scattering  due  to  the 
Compton  effect,  (c)  The  same  (OOl)-oriented  film  after  vacuum  annealing  at 
600  °C  for  2  h  and  rapid  quenching  to  room  temperature.  The  expanded 
views  in  (b)  and  (c)  show  (111)  contributions,  which  are  negligible.  The 
other  small  sharp  peak  is  due  to  the  substrate. 


(200)  FCC  contribution.  This  demonstrates  that,  in  addition 
to  the  epitaxial  structure,  regions  in  the  sample  display  a 
polycrystalline  character.  This  may  be  related  to  the  average 
grain  size,  which  is  only  500  A  in  diameter,  as  observed  in 
cross-sectional  TEM  imaging  of  the  sample. 

Figure  3  shows  the  magnetic  hysteresis  loops  obtained  at 
r=l5  K  for  the  same  (111)  Coo,25pdo,75  alloy,  with  the  field 
applied  both  in  plane  and  out  of  plane  of  the  sample.  It  is 
clear  that  the  easy  direction  of  magnetization  is  oriented  out 
of  the  plane,  with  an  anisotropy  field  of  about  15  kOe.  The 
coercive  field  is  about  2  kOe,  the  saturation  magnetization  is 
630  ±30  emu/cm^  and  the  perpendicular  remanence  is  about 
88%  of  saturation. 

The  origin  of  this  anisotropy,  which  is  stronger  than  the 
demagnetization  energy  2  2.5X10*  erg/cm^,  can  be 
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FIG.  3.  Hysteresis  loop  at  r=15  K  of  a  600  A-thick,  (lll)-oriented 
Coo2sPda7S  ^toy  film,  with  the  applied  field!/  parallel  (j|,  open  circles)  and 
perpendicular  (1,  filled  circles)  to  the  plane  of  the  film. 


FIG.  4.  (a)  Hysteresis  loops,  with  the  applied  field  H  parallel  (||,  open 
circles)  and  perpendicular  (1,  filled  circles)  to  the  plane  of  the  film,  of  (a)  an 
as-deposited  800  A-thick  (OOl)-oriented  Coo2jPdo,75  alloy  film,  and  (b)  the 
same  film  after  vacuum  annealing  at  600  °C  for  2  h  and  rapid  quenching  to 
room  temperature. 

tentatively  explained  in  several  ways.  At  low  Co  concentra¬ 
tions,  Co-Pd  alloys  are  known  to  have  large  negative  anisot¬ 
ropy  constants  and  resulting  in  a  (111)  easy  axis.* 
However,  in  a  (lll)-oriented  single-crystal  film  there  are,  in 
addition  to  the  perpendicular  (111)  axis,  three  other  equiva¬ 
lent  (111)  axes  at  an  angle  of  about  70*  with  the  vertical  axis, 
which  are  favored  because  they  also  reduce  the  shape  anisot¬ 
ropy  energy.  Therefore,  the  expected  remanence  in  a  perfect 
single-crystal  sample  would  be  only  about  34%.  However,  as 
shown  in  the  electron  diffraction  [Fig.  2(b)],  we  have  ob¬ 
served  twinning  of  the  crystal,  as  well  as  some  polycrystal¬ 
line  contributions.  In  samples  where  the  grains  are  small 
enough  and  oriented  differently  from  grain  to  grain,  ex¬ 
change  stiffness  does  not  allow  the  magnetization  to  be  ori- 


0  (degrees) 

FIG.  5.  Variation  of  the  torque  T  as  a  function  of  th°.  angle  6  between  the 
applied  field  and  the  (110)  axis,  with  rotations  about  (-1,1,0),  for  as- 
deposited  800  A-thick  (COl)-oriented  Coo25Pdo75  alloy  film  (filled  circles), 
and  the  same  film  after  vacuum  annealing  at  600  °C  for  2  h  and  rapid 
quenching  to  room  temperature  (open  circles).  Note  tha  positive  (negative) 
r  for  O<0<9O°  corresponds  to  perpendicular  (in-plane)  anisotropy. 
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ented  differently  from  grain  to  grain,  thus  favoring  the  (111) 
axis  which  is  peipendicdar  to  the  film  plane.  With  grain 
sizes  of  about  500  A  in  the  present  sample,  we  cannot  ex¬ 
clude  such  a  possibility. 

A  second  possible  explanation  for  the  perpendicular  an¬ 
isotropy  is  the  combination  of  growth-induced  strains,  to¬ 
gether  with  large  magnetostriction  coefficients  Xm  reported 
for  Co-Pd  alloys.^  It  is  difficult  to  accurately  determine  the 
residual  strairis,  and  it  is  unlikely  that  significant  strains  can 
be  sustained  in  these  thick  epitaxial  films.  A  generous  esti¬ 
mate  may  be  made  by  considering  the  epitaxial  strain  due  to 
the  Ag/CoPd  interface  (8%  mismatch),  and  assuming  the 
classical  (i.e.,  inversely  proportional  to  the  distance  from  the 
interfaces)  relaxation  to  the  expected  bulk  structure.  This 
yields  an  average  strain  of  0.32%,  which  results  in  a  signifi¬ 
cant  strain-induced  anisotropy  energy  <=»2.3X10*  erg/cm^, 
but  that  is  still  less  than  one-quarter  of  the  magnitude  of  the 
anisotropy  that  we  have  obtained  from  torque  experiments 
(«=>9X10®  erg/cm^). 

The  formation  of  ordered  phases  in  Co-Pd  and  Co-Pt 
alloys  has  also  been  extensively  discussed.  In  particular,  the 
tetragonal  LIq  phase  of  Coo.5oPdo,5o  (Ref.  8)  or  Co0.50Pt0.50 
(Ref.  9)  is  uniaxial  and  can  be  at  the  origin  of  a  uniaxial 
magnetic  anisotropy,  but  the  compositions  of  our  samples  are 
far  from  such  a  50-50  alloy.  The  ordered  phase  of 
Coo.25Pdo.75  (close  to  the  composition  of  the  films  studied 
here)  is  of  the  cubic  LI2  type,  and  cannot,  by  itself,  produce 
an  uniaxial  anisotropy.  However,  this  ordered  phase  has  re¬ 
cently  been  identified  in  Coo.25Pto.75  alloys  with  perpendicu¬ 
lar  anisotropy,  suggesting  that  interfaces  between  ordered 
and  disordered  phases  may  provide  the  required  symmetry 
breaking.*®  The  LI2  phase  has  also  been  suggested  as  respon¬ 
sible  for  the  perpendicular  anisotropy  in  (111)  Co/Pt  multi¬ 
layers,  by  taking  into  account  the  occurrence  of  atomic  slip 
planes  and  the  subsequent  formation  of  oriented  Co  pairs.” 
We  have  thus  far  found  no  experimental  evidence  for  the 
existence  of  the  LIq  or  LI2  phases  in  our  samples.  The  final 
possible  explanation  is  the  existence  of  uniaxial  short-range 
ordering  of  the  Co  atoms  induced  by  the  MBE  growth  (an 
explanation  also  suggested  in  the  work  of  Weller  et  al}).  As 
discussed  below,  results  obtained  on  (OOl)-orienfed  films  are 
most  easily  explained  in  terms  of  short-range  ordering  of  the 
Co-Pd  alloys. 

For  (OOl)Co-Pd  alloy  films  on  (100)MgO,  RHEED  pat¬ 
terns  again  indicate  a  fully  epitaxial  growth  mode,  with  the 
cubic  axes  of  the  alloy  parallel  to  those  of  the  MgO  substrate 
and  rotated  by  45®  with  respect  to  the  Fe  seed  layer.  The 
x-ray  diffraction  spectrum  obtained  is  shown  in  Fig.  2(b), 
where  only  the  Co-Pd  (200)  FCC  peak  is  observed,  in  addi¬ 
tion  to  those  due  to  the  M'’^  substrate  and  the  Fe  seed  layer. 
Furthermore,  in-plane  electron  diffraction  patterns  (not 
shown)  demonstrate  the  epitaxial  growth  of  the  alloy.  In  Fig. 
4(a)  we  show  magnetization  curves  for  an  as-deposited  800 
A-thick  (001)Coo.25Pdo.75  film.  The  magnetization  can  be 
saturated  more  easily  when  the  applied  field  is  perpendicular 
to  the  film  along  the  (001)  axis.  Tlie  perpendicular  anisotropy 
is  confirmed  by  torque  measurements  in  which  the  field  is 
rotated  around  the  (-110)  axis,  from  (110)  to  (-1-10),  as 
shown  in  Fig.  5.  The  angular  dependence  of  the  torque  is 


approximately  what  is  expected  for  uniaxial  anisotropy,  with 
an  easy  axis  along  the  (001)  perpendicular  axis.  The  main 
point  of  file  above  results  is  that  the  perpendicular  (001)  axis 
is  easier  than  the  in-plane  (100)  and  (010)  axes,  and  this  in 
spite  of  the  additional  .demagnetizing  field  energy  for  the 
perpendicular  orientation.  Thus,  our  experimental  results 
cannot  be  accounted  for  by  the  magnetocrystalline  anisot¬ 
ropy  of  a  perfectly  disordered  solid  solution  of  Co  in  a  non- 
distorted  FCC  Pd  matrix. 

As  discussed  above,  if  we  rule  out  significant  effects 
from  lattice  distortions,  we  have  to  consider  some  deviation 
from  a  disordered  distribution  of  the  Co  atoms.  To  cheek  that 
a  disordered  CoPd  alloy  does  behave  differently,  we  have 
vacuum  annealed  our  (001)  films  at  600  °C  for  2  h,  and  then 
quenched  them  rapidly  to  room  temperature,  which  is  the 
classic  method  to  obtain  disordered  solutions.*^  The  x-ray 
diffraction  pattern  [Fig.  2(c)]  is  essentially  unchanged,  ex¬ 
cept  for  a  somewhat  nanower  linewidth.  As  can  be  seen  from 
the  magnetization  curves  after  annealing  [Fig.  4(b)],  the 
magnetization  is  now  saturated  more  easily  by  in-plane 
fields.  Also,  as  shown  in  Fig.  5(b),  there  is  an  inversion  of 
the  torque  curve,  which  is  characteristic  of  the  crossover 
from  perpendicular  to  in-plane  anisotropy  (for  the  annealed 
sample,  the  in-plane  anisotropy  fields  are  about  7  kOe,  con¬ 
sistent  with  a  comribution  from  the  demagnetization  energy 
only).  These  experiments  thus  demonstrate  that  disordered 
alloy  films  do  not  exhibit  perpendicular  anisotropy,  and  that 
the  results  for  the  as-deposited  samples  are  due  to  some 
short-range  ordering  of  the  magnetic  Co  atoms  in  the  Pd 
matrix.  Such  anisotropic  distributions  can  result  from  the  in¬ 
plane  mobility  of  the  impinging  atoms  during  the  growth. 

In  conclusion,  we  have  found  a  significant  perpendicular 
anisotropy  in  both  (111)-  and  (OOl)-oriented  films  of 
CO;(Pdi_;(  (x«»0.25)  alloys  grown  by  MBE.  For  (001)C6Pd, 
the  only  possible  explanation  resides  in  short-range  ordering 
of  the  Co  atoms  in  the  Pd  matrix.  For  the  (111)  films,  we 
cannot  rule  out  that  the  perpendicular  anisotropy  arises  from 
a  large  magnetocrystalline  energy  intrinsic  to  the  disordered 
FCC  phase  (with  Kj<0),  but,  in  view  of  our  results  on  (001) 
films,  we  are  inclined  to  ascribe  t',^  anisotropy  in  this  case 
also  to  short-range  atomic  ordering. 
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In  this  paper,  we  report  the  results  of  in  situ  measurements  of  stress  and  surface  morphology  for 
Co/Pd  multilayer  films  deposited  on  glass  substrate  by  rf  sputtering.  For  the  multilayer  film 
sputtered  in  low  Ar  gas  pressure  at  10  mTorr,  after  more  than  20  periods  of  Co/Pd  deposition,  the 
film  is  subjected.  to  compressive  stress,  however,  during  the  Co  layer  deposition,  the  value  of  the 
compressive  stress  is  decreeing.  For  the  film  sputtered  in  high  Ar  gas  pressure  at  40  mTorr,  the  film 
is  always  subjected  to  tensile'  sbess,  and  the  value  of  the  tensile  stress  in  the  film  is  increasing  during 
the  deposition  of  the  Co  layer.  These  changes  in  the  stress  during  the  Co  deposition  can  be  explained 
qualitatively  by  the  difference  in  the  lattice  constants  of  Co  and  Pd  at  the  interfaces.  The  surface 
morphology  of  the  films  observed  by  an  atomic  force  microscope  (AFM)  in  air  shows  that  the 
surface  of  both  films  become  rougher  with  increasing  total  film  thickness.  The  surface  roughness  of 
the  films  deposited  at  10  mTorr  is  smaller  than  that  of  the  films  deposited  at  40  mTorr. 


INTRODUCTION 


EXPERIMENTAL  RESULTS 


Co  based  metallic  multilayer  films  such  as  Co/Pt  and 
Co/Pd  with  perpendicular  magnetic  anisotropy  are  currently 
investigated  as  a  magneto-optical  recording  media.  One  of 
the  origins  of  the  perpendicular  magnetic  anisotropy  is 
stress-induced  magnetic  anisotropy."* 

In  this  report,  the  results  of  in  situ  measurement  of  stress 
depend  on  the  gas  pressure  for  Co/Pd  multilayer  films  depos¬ 
ited  by  rf  sputtering,  and  the  surface  morphology  observed 
by  an  atomic  force  microscope  (AFM)  are  reported. 


EXPERIMENTAL  PROCEDURES 


Films  were  deposited  at  room  temperature  on  150  /xm 
thick,  3  cm  long,  and  0.8  cm  wide  glass  substrates  by  rf 
sputtering.  On  the  backside  of  the  substrate,  a  reflecting  A1 
layer  (1000  A)  was  deposited  and  an  optical  noncontact  dis¬ 
placement  detector’  was  employed  to  measure  the  bending  of 
the  substrate,  as  shown  in  Fig.  1.  The  following  sputtering 
conditions  were  used;  back  pressure  is  4X10“’  Torr,  Ar  pres¬ 
sures  are  10  and  40  mTorr,  and  applied  rf  power  is  100  W. 
The  purities  of  Co  and  Pd  targets  are  99.9%.  Deposition  rates 
are  0.39  A/s  for  Co,  0.42  A/s  for  Pd  at  Ar  gas  pressure  10 
mTorr,  and  0.66  A/s  for  Co,  0.73  A/s  for  Pd  at  40  mTorr, 
respectively. 

Assuming  the  thickness  of  the  glass  substrate  is  much 
larger  than  that  of  the  whole  film,  and  film  structure  is  con¬ 
tinuous,  the  average  internal  stress  (oi„,)  can  be  expressed  by 
the  following  equation: 


d 

3(l-v,)l’  h  ’ 


(1) 


where  E^,  v^,  and  t^  are  Young’s  modulus,  Poisson’s  ratio, 
and  the  thickness  of  the  substrate,  respectively.  L  is  the 
length  of  the  cantilever  and  h  is  the  total  film  thickness.  The 
displacement  d  is  measured  by  using  the  optical  noncontact 
displacement  detector.  Positive  and  negative  values  of  dih 
means  that  the  film  already  deposited  was  subjected  to  a 
tensile  and  compressive  stress,  respectively. 


The  changes  of  the  bending  d  and  (cTjn,)  of  the  Co(4 
A)/Pd(30  A)  multilayer  film  with  total  thickness  for  A^=55- 
58  periods  during  fabrication  in  low  Ar  gas  pressure  at  10 
mTorr  is  shown  in  Fig.  2,  where  N  means  the  number  of 
periods  of  Co/Pd.  The  case  of  the  film  sputtered  in  high  Ar 
gas  pressure  at  40  mTorr  are  also  shown  in  Fig.  3. 

For  the  multilayer  film  sputtered  at  10  mTorr,  d  at  the 
beginning  of  the  film  deposition  is  quite  different  from  that  at 
N-55-5^.  At  the  beginning  of  the  deposition,  Co/Pd  film 
is  subjected  to  tensile  stress.  After  more  than  20  periods,  it 
changed  to  compressive  stress.  Even  in  the  case  for  the  total 
average  stress  is  compressive,  the  change  of  d  during  Co 
deposition  is  positive  for  the  case  N>20.  It  means  that 
tends  to  change  toward  the  tensile  one  by  an  incremental 
deposition  of  the  Co  layer.  During  Pd  deposition  foxN>20, 
the  compressive  stress  increases  over  only  a  monoatomic 
layer  of  Pd,  and  it  changed  to  decrease  over  a  few  mono- 
atomic  layers,  and  then  it  increases  again,  as  shown  in  Fig. 
2(b). 

For  the  film  sputtered  in  high  Ar  gas  pressure  at  40 
mTorr,  the  film  is  always  subjected  to  tensile  stress  and  the 
change  of  (cTjnt)  during  Co  deposition  is  always  positive, 
which  means  that  the  tensile  stress  h's  been  enhanced  by  the 


Substrate  holder  Optical  non-contact 
with  micrometer  displacement  detector 


FIG.  1.  Schematic  representation  of  the  cantilever  method  for  measuring  the 
bending  of  a  substrate,  d  is  the  change  of  gap  length  between  an  optical 
noncontact  displacement  detector  and  a  substrate. 
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incremental  deposition  of  Co  layers,  as  shown  in  Fig.  3(b).  observed  that  the  surface  roughness  of  the  films  deposited  at 

During  the  Pd  deposition,  (o-jn,)  decreases  over  a  monoatomic  10  mTorr  is  smaller  than  that  of  the  films  at  40  mTorr.  The 

layer  of  Pd.  surface  of  both  films,  however,  become  rougher  with  increas- 

The  dependence  of  the  surface  morphology  on  the  total  ing  the  total  film  thickness, 
film  thickness  observed  by  AFM  in  air.  The  results  for  the 
Co(4  A)/Pd(30  A)  multilayer  films  deposited  under  different  nicriiccinu 
Ar  gas  pressure  (10  and  40  mTon),  are  shown  in  Fig.  4  and  DISCUSSION 

Fig.  5,  respectively.  Structures  like  particles  or  columns  can  one  of  the  origins  of  the  difference  in  the  dependence  of 
be  observed  at  the  surface  of  the  films,  and  the  average  size  ,he  stress  on  Ar  gas  pressure  seen  in  Figs.  2(b)  and  3(b),  may 

of  the  particles  is  about  10  nm  in  diameter.  The  diameter  jjg  (jue  jq  structural  difference  caused  by  the  energy  dif- 

becomes  larger  with  increasing  the  total  film  thickness.  ference  of  the  sputtered  atoms  and/or  the  sputtering  gas  ions. 

These  structures  may  be  due  to  the  influence  of  the  initial 
island  growth  at  the  beginning  of  the  deposition.  It  is 


FIG.  3.  (a)  Substrate  bending  and  (b)  /O  derived  from  Eq.  (1),  during  the 

fabrication  of  Co(4  A)/Pd(30  A)  multilayer  films  at  the  periods  ^=55-58,  FIG.  5.  AFM  images  for  the  different  thickness  of  the  Co(4  A)/Pd(30  A) 

by  rf  sputtering  in  high  Ar  gas  pressure  at  40  mTorr.  Deposition  rates:  multilayer  films  deposited  on  a  glass  substrate  in  At  gas  pressure  at  40 

Co=0.66,  Pd=0.73  A/s.  mTorr. 
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fabrication  by  sputtering  at  high  Ar  pressure  (40  mTorr)  is 
similar  to  that  of  the  case  for  the  films  deposited  by  UHV 
evaporation. 

The  changes  of  the  (ai„,)  during  the  deposition  of  each 
Co  layer,  and  also  in  each  one  monoatomic  layer  of  Pd  just 
on  Co  deposited  by  using  sputtering  and  UHV  evaporation 
methods,  are  very  similar  to  each  other,  as  shown  in  Figs. 
2(b),  3(b),  and  6.  The  changes  of  (crj„,)  by  the  incremental 
deposition  of  Co  and  Pd  layers  can  be  explained  qualitatively 
by  the  difference  in  the  lattice  constants  of  Co  and  Pd  at  the 
interfaces. 


FIG.  6.  Substrate  bending  during  fabrication  of  the  Co(8  A)/Pd(40  A) 
multilayer  by  ultrahigh  vacuum  evaporation.  Deposition  rates  of  Co  and  Pd 
are  0.1  A/s. 


In  the  case  of  the  rough  surface,  such  as  the  film  depos¬ 
ited  in  a  high  Ar  gas  pressure  at  40  mTorr,  as  seen  in  Fig.  5, 
surface  tension  is  caused  by  the  increase  in  the  surface  area 
compared  with  a  perfectly  flat  surface.  The  surface  tension 
makes  tensile  stress  to  the  film.  Bending  of  the  substrate 
caused  by  the  surface  tension  is  presented  by  the  following 
formula: 


3L^ 

Ad=— - T  y 


T’ 


(2) 


CONCLUSION 

By  an  incremental  deposition  of  the  Co  layer,  (crj„,)  in¬ 
creases  its  tensile  component  for  the  both  films  deposited  by 
sputtering  and  UHV  evaporation,  and  it  can  be  explained 
qualitatively  by  the  difference  in  the  lattice  constants  of  Co 
and  Pd. 

The  AFM  observation  shows  that  the  surface  of  both 
films  become  rougher  with  increasing  total  film  thickness. 
The  surface  roughness  of  the  films  deposited  at  10  mTorr  is 
smaller  than  that  of  the  films  at  40  mTorr.  The  difference  in 
surface  morphology  should  be  connected  to  the  difference  of 
energy  of  atoms  and  may  cause  internal  stress  difference, 
however,  the  stress  estimated  from  the  surface  free  energy  is 
much  smaller  than  that  obtained  from  this  experiments. 


where  y  is  surface  free  energy  of  the  film,  S  is  the  area  of  the 
flat  surface,  and  A5  is  the  amount  of  the  difference  in  the 
area  from  the  flat  surface,  respectively.  In  Eq.  (2),  the  con¬ 
striction  of  the  substrate  caused  by  Poisson’s  ratio  was  ne¬ 
glected,  and  it  was  assumed  that  the  y  of  the  Co(4  A)/Pd(30 
A)  multilayer  film  is  roughly  equal  to  that  of  the  Pd  single 
crystal,  because  the  difference  in  their  layer  thickness  is  large 
enough  (/ipa>/ico). 

The  increase  in  the  surface  area  compared  with  a  per¬ 
fectly  flat  surface,  obtained  from  the  AFM  images  of  the 
films  (A'’=44)  deposited  in  Ar  gas  pressure  at  10  and  40 
mTorr,  are  about  0.3%  and  10%,  respectively.  However,  the 
values  of  bending  estimated  by  Eq.  (2)  for  the  films  are  ten 
times  smaller  than  the  experimentally  obtained  ones. 

An  example  of  the  in  situ  observation  of  d  for  the  film 
deposited  by  the  UHV  evaporation  method^'®  is  shown  in 
Fig.  6.  The  film  thickness  is  about  1000  A.  Comparing  Fig. 
3(a)  with  Fig.  6,  it  is  seen  that  the  change  of  (crj„,)  during  the 
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We  report  on  the  temperature  dependence  of  the  magnetic  properties  and  interface  magnetism  of 
Co/Pt  multilayers.  The  magnetic  properties  including  magnetization  and  anisotropy  change 
substantially  as  the  temperature  varies  from  300  to  10  K  for  samples  with  Co  layer  thickness  in  the 
range  from  3  to  7  A.  The  interface  anisotropy  of  about  0.38  erg/cm^  is  nearly  independent  of 
temperature.  The  magnetization  reversal  is  dominated  by  domain  wall  motion  for  the  thinner  Co 
layers  and  dominated  by  nucleation  for  the  thicker  Co  layers. 


INTRODUCTION 

Co/Pt  multilayers  have  attracted  much  attention  as  pos¬ 
sible  magneto-optical  recording  media  because  of  their  large 
perpendicular  anisotropy,  large  Kerr  rotation  at  short  wave¬ 
length,  and  high  corrosion  resistance.*"^  However,  aside 
from  the  study  of  magnetization  by  Bloemen  etal.,^  very 
little  work  on  the  temperature  dependence  of  the  magnetic 
properties  of  this  system  has  been  presented.  Recently,  we 
have  studied  these  properties  and  the  magnetization  reversai 
of  Co/Pt,  Co/Au,  and  Co/Pd  multilayers.  In  this  paper  we 
report  our  studies  on  Co/Pt,  and  the  results  for  Co/Au  and 
Co/Pd  will  be  published  elsewhere. 

EXPERIMENT 

Co/Pt  multilayers  of  the  form  X  ACo/15  APt  (X =3, 4, 5, 
7,  9, 12, 15,  and  20)  were  fabricated  by  sputtering  on  Si(lll) 
substrates  with  a  200  APt  buf^r  layer.  The  sputtering  rate 
and  power  for  Co  (DC  gun)  were  ~0.6  A/s  and  20  W  and  for 
Pt  (RF  gun)  were  1.1  A/s  and  40  W,  respectively.  The 
vacuum  prior  to  sputtering  was  1 X 10"’  Torr  and  the  Ar  pres¬ 
sure  during  sputtering  was  5X10"’  Torr.  All  eight  samples 
were  prepared  in  one  vacuum  run  to  ensure  the  same  prepa¬ 
ration  conditions. 

Measurements  of  the  hysteresis  loops  were  carried  out 
using  an  alternating  gradient  magnetometer  (AGM)  and 
SQUID  from  300  to  10  K.  The  measured  magnetic  anisot¬ 
ropy  was  determined  from  the  area  between  the  perpendicu¬ 
lar  and  parallel  (in-plane)  magnetization  curves.  The  time 
decay  of  Kerr  rotation  was  measured  on  the  apparatus  de¬ 
scribed  in  Ref.  7.  Structural  properties  were  analyzed  with 
both  small  and  large  angle  x-ray  diffraction. 

STRUCTURE 

A  small  angle  x-ray  diffraction  scan  [see  Fig.  1(a)] 
showed  that  the  peaks  corresponding  to  the  multilayer  struc¬ 
ture  appeared  at  the  right  positions  and  up  to  the  fourth  su¬ 
perlattice  peak  was  observed  for  the  thinnest  Co  layer  sample 
(^■=3  A).  Tlierefore  all  samples  have  distinct  interfaces. 


•^Permanent  address;  Dept,  of  Eleclronic  Engineering,  Hangzhou  University, 
Hangzhou,  Zhejiang,  People’s  Republic  of  China. 


Large  angle  x-ray  diffraction  [see  Fig.  1(b)]  showed  a  pro¬ 
nounced  FCC  (111)  texture,  with  the  main  peak  falling  be¬ 
tween  the  pure  FCC  Co(lll)  and  Pt(lll). 


MAGNETIC  PROPERTIES 

Both  perpendicular  (Hjl  film  plane)  and  parallel  (H||  film 
plane)  hysteresis  loops  were  measured  from  300  to  10  K  for 
all  samples.  The  temperature  dependences  of  magnetization, 
anisotropy,  and  polarization  of  Pt  atoms  are  summarized  as 
follows. 

A.  Temperature  dependences  of  magnetizations 

The  temperature  (or  Co  layer-thickness)  dependences  of 
saturation  magnetization  for2f=3,  4,  5,  7, 12,  and  20  A  (or 
7’= 10,  100,  200,  and  300  K)  are  illustrated  in  Fig.  2(a)  [or 
Fig.  2(b)].  The  magnetization  here  is  defined  as  the  ratio  of 
the  measured  moment  to  the  Co  mass,  assuming  that  all  the 
moment  is  from  Co  atoms.  It  is  seen  that  (1)  The  samples 
with  thinner  Co  layers  show  the  stronger  temperature  depen¬ 
dence.  As  the  temperature  varies  from  300  to  10  K,  the  satu¬ 
ration  magnetization  increases  by  30, 20, 13, 6.7,  and  ~2.4% 
for  ^"=2,  4,  5,  7,  and  12  A,  respectively.  We  notice  that  the 
X=12  and  20  A  samples  have  essentially  the  same  magneti- 


FIG.  1.  CoKa  (a)  small-angle  and  (b)  large-angle  diffraction  intensity  for  3 
ACo/15  Apt  as  a  function  of  2A 
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FIG.  3.  Temperature  dependence  of  measured  anisotropy  for  (a)  different  Co 
no.  2.  Temperature  dependence  of  Co  saturation  magnetization  for  (a)  thickness  and  (b)  layer-thickness  dependence  of  measured  anisotropy 

different  Co  layer-thickness  and  (b)  iayer-thickness  dependence  of  Co  satu-  **  different  temperatures, 
ration  magnetization  at  different  temperatures. 


zations.  (2)  The  Co  layer-thickness  dependence  of  magneti¬ 
zation  becomes  much  stronger  at  the  lower  temperature  [see 
Fig.  2(b)]. 

It  is  well  known  that  the  magnetization  of  pure  Co  is 
only  weakly  temperature  dependent  (oco  only  increases 
~1%  as  the  temperature  decreases  from  300  to  4.2  K).  The 
enhancement  of  magnetization  in  Figs.  2(a)  and  2(b)  thus 
originates  from  the  multilayer  structure  and  interface  magne¬ 
tism.  Because  of  the  interdiffusion  or  mixing  between  Co 
and  Pt  atoms  at  the  interface  region,  as  the  Co  layer  becomes 
very  thin,  e.g.,  one  to  three  atomic  layers,  the  interfaces  may 
approximately  be  regarded  as  a  disordered  Co-Pt  alloy.  Then 
the  polarization  of  Pt  atoms  and  the  temperature  dependence 
of  magnetization  of  the  interfaces  can  be  calculated  in  terms 
of  the  mean-field  theory,  as  has  been  done  for  Co-Pd  and 
Co-Cu  alloys  in  Refs.  8  and  9.  We  will  not  give  a  detailed 
discussion  of  the  mean-field  calculation  to  save  space,  and 
only  point  out  the  main  result  here:  Co-Pt  alloys  with 
smaller  Co  concentration  have  a  lower  ordering  temperature 
and  show  a  stronger  temperature  dependence  of  magnetiza¬ 
tion.  Thus  one  might  expect  that  thinner  Co-layer  samples, 
whose  interfaces  correspond  to  Co-Pt  alloys  with  smaller  Co 
concentration,  manifest  the  stronger  temperature  dependence 
of  magnetization. 

B.  Temperature  dependences  of  anisotropy 

A  summary  of  the  temperature  (or  Co  layer-thickness) 
dependencies  of  measured  anisotropy  for  Ar=3,  4,  5,  7,  12, 
and  20  A  (or  r=10, 100, 200,  and  300  K)  are  shown  in  Fig. 
4(a)  [or  4(b)].  It  is  worthwhile  to  mention  the  following:  (1) 
The  measured  anisotropy  Ku  is  positive  for  ^^^9  A  and 
negative  for  Z^IO  A  over  the  whole  temperature  range  [see 


Fig.  4(b)].  (2)  Samples  with  thinner  Co  layers  show  a  stron¬ 
ger  temperature  dependence  of  Ku  [see  Fig.  4(a)  and  4(b)]. 
Ku  values  increase  by  40%,  24%,  and  22%  for  >^=3,  4,  and 
5  A  as  temperature  decreases  from  300  to  10  K.  (3)  We  have 
determined  the  interface  anisotropy  Ki  for  these  samples  us¬ 
ing  the  standard  method  of  plotting  vs  rfco>”  de¬ 
scribed  in  Refs.  9  and  10.  We  found  Kj  to  be  ~0.38 
(erg/cm^).  Ki  is  also  nearly  independent  of  temperature.  The 
fact  that  the  samples  with  thinner  Co  layers  {X=3,  4,  and  5 
A)  show  stronger  temperature  dependences  of  the  anisotropy, 
while,  for  samples  with  X^7  k  the  anisotropy  is  nearly  in¬ 
dependent  of  temperature,  implies  that  the  interfaces  give  the 
major  contribution  to  the  temperature  dependence  the  of  an¬ 
isotropy. 


FIG.  4.  Kerr  rotation  as  a  function  of  time  after  magnetization  reversal  for 
(a)  3  ACo/15  APt  and  (b)  5  ACo/15  APt.  Different  curves  correspond  to  the 
different  reversing  fields  with  the  uppermost  curve  corresponding  to 
the  smallest  field. 


To  study  the  origins  of  anisotropy,  Co/Pt,  and  Co/Au 
multilayere  were  prepared,  and  their  temperature  dependen¬ 
cies  of  the  anisotropy  have  been  measured.  We  note  that 
the.  thermal  expansion  coefficients  of  Au,  Co,  and  Pt  are 
14.2X10"®,  12X10"®,  arid  9X10"®  ("C"^),  respectively.” 
Also,  the  expansion-coefficient  of  Au  is  greater  than  that  of 
Co,  while  the  expansion  coefficient  of  Pt  is  less  than  that  of 
Co.  Therefore,  if  stress  anisotropy  were  the  major  source  of 
Ku,  one  would  expect  that  the  anisotropy  of  Co/Pt  and 
Co/Au  would  show  opposite  temperature  dependences:  one 
increasing  with  decreasing  temperature  while  the  other  de¬ 
creasing  with  decreasing  temperature.  However,  our  experi¬ 
ment  shows  that  both  for  Co/Pt  and  Co/Au  multUayers,  the 
Ku  values  increase  with  decreasing  temperature  for  samples 
with  thin  Co  layers.  This  may  be  regarded  as  evidence  that 
stress  plus  inverse  magnetostriction  is  a  minor  contribution 
to  the  anisotropy  in  our  (111)  textured  samples,  in  compari¬ 
son  with  magnetocrystalline  anisotropy  generated  by  spin- 
orbit  interaction  in  the  highly  anisotropic  multilayers 
structure.”’*^ 

C.  Magnetization  reversai 

Magnetization  reversal  can  be  studied  by  the  time  decay 
of  Kerr  rotation.  The  measurement  procedure  was  described 
in  Ref.  7,  and  results  are  given  in  Figs.  5(a)  and  5(b)  for 
2f=3  and  5  A,  respectively. 

Several  authors''*’*®  have  pointed  out  that  if  the  nucle- 
ation  rate  is  small  and  the  domain  wall  motion  velocity  is 
large,  the  decay  curve  will  first  decrease  slowly  by  nucle- 
ation  at  a  few  isolated  sites  and  then  fall  quickly  through  the 
rapid  expansion  of  the  domain  walls.  The  decay  curves  in 
Fig.  5(a)  are  consistent  with  this  behavior.  On  the  other  hand, 
if  the  nucleation  rate  is  large  and  the  domain  wall  velocity  is 
very  small,  the  decay  curve  first  decreases  exponentially  and 
then  decreases  approximately  as  ln(t)  if  is  the  time)  at  long 
times.  The  decay  curves  in  Fig.  5(b)  show  such  behavior.  The 
ln(/)  behavior  can  arise  either  as  a  consequence  of  a  distri¬ 
bution  of  thermal  activation  energies  or  because  part  of  the 
driving  force  (the  demagnetizing  field)  for  reversal  is  de¬ 
creasing  with  time  as  the  sample  reverses.'®  Therefore  the 
reversal  is  dominated  by  domain  wall  motion  for  samples 
with  thinner  Co  layers,  while  it  is  dominated  by  nucleation 
for  thicker  Co  layer  samples.  Presumably  this  difference  in 
behavior  results  from  details  of  the  nanostructures  (defects, 
interface  mixing,  etc.),  as  well  as  differences  in  demagnetiz¬ 
ing  fields,  both  of  which  must  be  further  investigated  to  ob¬ 
tain  a  clear  understanding  of  the  reversal  behavior. 


CONCLUSIONS 

It  is  concluded  that  the  substantial  temperature  depen¬ 
dence  of  the  magnetic  properties  of  the  thin  Co  layer  multi¬ 
layers  originates  from  the  alloying  effect  at  the  interfaces.  As 
the  temperature  decreases,  the  enhancement  of  magnetization 
can  be  understood  in  terms  of  mean-field  theory  and  the  en¬ 
hancement  of  anisotropy  results  from  the  interfacial  magne¬ 
tism,  however,  the  detailed  mechanism  still  remains  to  be 
solved.  This  is  a  challenging  problem  when  interfacial  mix¬ 
ing  is  present,  because  up  to  the  present  time  the  theoretical 
calculations  of  magnetic  anisotropy  in  multilayers  have  as¬ 
sumed  perfect  boundaries  with  no  atomic  disorder.  Some  ex¬ 
periments  were  performed  to  probe  the  origin  of  the  anisot¬ 
ropy.  It  was  found  that  stress  plus  magnetostriction  does  not 
appear  to  play  a  dominant  role.  Magnetization  reversal  is 
dominated  by  wall  motion  and  nucleation  for  thinner  and 
thicker  Co  layers,  respectively. 
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Ep^axial  Co/Cr(001)  superlattices  wer*.  prepaed  by  Molecular-Bear’-Hpitaxy  (MBE).  The  crystal 
structure  was  determined  both  with  Reflection  High  Energy  Electron  Diffraction  (RHEED)  and 
x-ray  diffraction  experiments.  The  Co  layers  grow  in  an  hep  phase  with  their  (11.0)  planes  oriented 
parallel  to  the  Cr(001)  planes.  The  magnetic  anisotropy  was  measured  using  the  Magneto-optical 
Kerr  Effect  (MOKE)  and  Ferromagnetic  Resonance  (I^R)  technique.  It  is  found  that  the  easy  axis 
of  the  magnetization  is  perpendicular  to  the  film  plane  below  a  Co  thickness  of  about  14  A.  The 
value  of  the  interface  anisotropy  constant  is  determined  to  (0.85±0.1)erg/cm^  assuming  the  bulk 
magnetization  of  hep  Co. 


I.  INTRODUCTION 

Perpendicular  anisotropy  in  ultrathin  magnetic  multilay¬ 
ers  is  a  highly  interesting  topic  for  fundamental  studies,  as 
well  as  for  applications  as  high-density  magneto-optical  stor¬ 
age  devices.*  Usually  in  thin  film  systems  the  magnetization 
tends  to  be  oriented  parallel  to  the  firm  plane  because  of  the 
demagnetization  energy.  In  ultrathin  films,  however,  the  in¬ 
terfacial  anisotropy  that  is  due  to  the  symmetry  breaking  at 
the  interface^  and^r  hybridization  effects^  plays  an  impor¬ 
tant  role,  so  that  perpendicular  spin  orientation  has  been  ob¬ 
served  in  many  systems.'  In  addition  to  the  above  mecha¬ 
nisms,  crystal  anisotropy  and  magnetoelastic  interactions^ 
can  also  contribute  to  the  ^.'^rpendicular  anisotropy. 

In  this  paper  wo  present  the  existence  of  a  strong  per¬ 
pendicular  anisotropy  in  high-quality  MBE-grown  Co/ 
Cr(001)  superlattices  studied  by  means  of  the  Magneto¬ 
optical  Kerr  effect  and  FMR.  We  believe  that  the  observed 
interfacial  anisotropy  has  an  electronic  origin,  since  we  find 
from  our  intensive  studies  that  the  magnetoelastic  and  crystal 
anisotropy  contributions  are  not  large  enough  to  force  the 
magnetization  into  the  perpendicular  orientation. 

II.  STRUCTURAL  PROPERTIES 

The  preparation  of  the  samples  is  described  in  detail 
elsewhere,^  which  is  briefly  summarized  here:  the  Co/ 
Cr(001)  superlattices  are  grown  on  Al203(n.2)  substrates 
with  Nb(001)  seed  layers  and  Cr(OOl)  buffer  layers  at  growth 
temperatures  of  300  ®C-350  "C.  The  obtained  RHEED  pic¬ 
tures  (Fig.  1)  show  sharp  streaks,  implying  atomically  flat 
surfaces.  We  were  able  to  observe  RHEED  intensity  oscilla¬ 
tions  during  Co  growth  up  to  «  thickness  of  20  atomic  layers. 
Very  small  interfacial  roughuc  s  (S5  A)  has  been  derived 
from  x-ray  reflectivity  measurements.  From  the  position  of 
the  in-plane  diffraction  spots,  we  find  that  hcp-Co(ll.O) 
grows  epitaxially  on  Cr(OOl),  with  the  c  axis  of  Co  being 
oriented  parallel  to  »he  Cr[110]  axis.  This  orientation  can 
also  be  recognized  from  the  additional  streaks  in  the  RHEED 
pattern  in  [Fig.  1(b)]  resulting  from  the  Co  layers.  Since  the 
substrate  has  a  fourfold  symmetry,  in  most  of  the  samples  we 
observed  two  equivalent  crystallographic  domains,  which  are 
oriented  perpendicular  to  each  other. 

This  orientation  is  milar  to  the  Burgers  relationship,® 
which  is  the  orientational  relation  in  the  BCC-hcp  Martensi¬ 
tic  transition.  We  have  obtained  experimental  evidence’  that 


the  Co  layers  in  Co/Cr(001)  superlattices  exhibit  a  precursive 
structural  transition  from  hep  to  BCC  with  decreasing  Co 
thickness.  First,  the  shape  of  the  in-plane  unit  cell  changes 
from  rectangular  to  nearly  square,  and  second,  the  intensity 
of  the  hcp-Co{il.l}  spots,  which  are  forbidden  in  the  BCC 
structure,  shows  a  continuous  decrease,  implying  a  symmetry 


1 

(a) 

■ 

H 

■ 

(b) 

FIG.  1.  RHEED  patterns  at  30  kV  with  the  electron  beam  perpendicular  to 
the  Cr(130)  direction,  (a)  (bottom):  500  A  Cr  buffer  layer;  (b)  (top):  after  the 
growth  of  30  A  Co  on  top  of  Cr. 


J.  Appl.  Phys.  75  (10).  15  May  1994 


0021-8979/94/75(1 0)/6421/3/$6.00 


©  1994  American  Institute  of  Physics  6421 


0.05° 

0° 

-0.05° 

,  •  *  [Co2iACri8;^]5 

• 

• 

• 

20 

15 

Sandwich  (FMR)  • 

N.  Superlattice  (FMR)  0 

0.05° 

D  0° 

1 — 1  -0.05° 

1  .  •  *  [CoieA^rigAls 

o’ 10 

pf  5 

MOKE  * 

c 

0 

1 

0  0.05° 

'i  - 

Q  -0.05° 

^  0.02° 

<L)  0° 

-0.02° 

tCoioACrisAls 

^  • . 

0  0.02  0.04  0.06  0.08 

1/tco  [1/A] 

-10000  -5000  0  5000 

magn.  field  H  [Oe] 


10000 


FIG.  3.  Effective  magnetization  versus  a  reciprocal  Co  thickness  of  Cr/ 
Co/Cr  sandwich  structures  and  Co/Cr  superlattices  measured  with  FMR  and 
values  calculated  from  longitudinal  and  polar  MOKE  measurements.  The 
straight  line  is  a  linear  ht  to  the  data.  For  a  dchnition  of  see  Eq.  (3). 


FIG.  2.  Hysteresis  loops  obtained  with  an  applied  field  perpendicular  to  the 
film  plane  of  four  Co/Cr  superlatticcs  with  decreasing  Co  thickness. 


change  of  the  Co  layers  from  hep  to  BCC  with  decreasing 
tco  •  In  addition,  the  observed  anomalous  out-of-plane  expan¬ 
sion  of  the  Co  layers  is  an  indication  for  a  precursive  BCC- 
hep  structural  phase  transition,  since  it  can  be  explained  by  a 
rigid-atom-model,  a.ssuming  that  the  structural  transition 
takes  place. 

The  structural  coherence  length  of  our  samples  reaches 
about  100  A  in  the  film  plane  and  several  hundred  Ang¬ 
stroms  in  the  out-of-plane  direction. 

III.  MAGNETIC  ANISOTROPY 

Figure  2  shows  typical  p  lur  hysteresis  curves  of  Co/Cr 
superlattices.  For  fco“21  A  the  polar  hysteresis  loop  exhibits 
a  continuous  change  of  Kerr  angles  ^  as  a  function  of  the 
external  field  H  without  remanence.  The  longitudinal  hyster¬ 
esis  curve  of  th'  sample  has  a  perfect  square  shape  with 
//f=250  Oe.  These  two  hysteresis  curves  indicate  that  the 
Co  magnetization  is  parallel  to  the  film  plane.  With  decreas¬ 
ing  fco  th®  saturation  field  in  the  polar  hysteresis  curves  de¬ 
creases  continuously,  and  nor'-'ero  remanence  is  observed  be¬ 
low  A.  Below  t^  •  critical  film  thickness  we 

observed  square-type  hysteresis  loops,  indicating  that  the  di¬ 
rection  of  the  easy  axis  is  perpendicular  to  the  film  plane. 
The  large  critical  film  thickness  of  about  14  A  is  an  indica¬ 
tion  of  the  existence  of  a  strong  perpendicular  anisotropy. 

The  effective  anisotropy  energy  can  be  determined 
by  integrating  the  area  enclosed  by  the  polar  {HJ  and  lon¬ 
gitudinal  (//|)  hysteresis  curves.  In  this  paper,  however,  we 
evaluate  the  effective  anisotropy  field  //^=2Keff/Afj  instead 
of  Kjff,  because  can  be  determined®  by  MOKE  experi¬ 
ments  without  knowing  the  magnetization  of  our  samples 
Ms-. 

2  f 

(1) 

t'K  ./O 


can  also  be  measured  directly  by  the  resonance  field  //„s 
in  out-of-plane  FMR  measurements.  From  the  resonance 
condition  in  perpendicular  orientation  we  get 

//A  =  ^rc-(Wr),  (2) 

where  (a/Iir  is  the  microwave  frequency  {X  and  Q  band  in 
our  experiments),  and  y  is  the  gyromagnetic  ratio.  The  ex¬ 
perimental  results  of  are  shown  in  Fig.  3,  both  for  MOKE 
and  FMR.  It  can  be  readily  seen  that  both  data  sets  agree 
very  well  and  that  the  anisotropy  field  exhibits  a  l/tco 
behavior.  This  behavior  can  be  understood  in  terms  of  an 
interfacial  anisotropy.  The  anisotropy  in  thin  films  can  be 
described  as  a  sum  of  interfacial  and  bulk  contributions 
and  K„ ,  respectively. 


//^=2. 


2Ks  ^  2-K, 

^  s  ’ ^Co  ^  s 


(3) 


The  slope  of  the  least-squares  fit  to  the  experimental  data 
with  Eq.  (3)  yields  Kj=0.85  erg/cm^,  if  we  assume  that  the 
magnetization  of  the  Co  layers  is  the  same  as  in  the  bulk: 
A/j=1430  emu/cm^.  This  interfacial  contribution  is  very 
large  in  comparison  with  other  3d  systems  like  in  Co/Cu 
(Kj=0.1-0.5  erg/'em^)  or  Co/Ni  (#^^=0.1  erg/cm^),  and  is 
comparable  with  Co/Pt,  Au  (^^=1  erg/cm^). 

The  intercept  of  the  fitting  gives  us  2-KJ  14^=11  KOe. 
We  argue  below  that  this  anisotropy  field  can  be  explained 
by  the  demagnetization  field  AitM,  and  Ih®  crystal  anisot¬ 
ropy  energy  .  By  taking  into  account  the  crystallo¬ 
graphic  domain  structure,  the  crystal  anisotropy  energy  can 
be  expressed  as  follows: 

/=’Ai.i.=  -K^i  +  2K2)sin^  0+1^2  sin^  e 


+5K2  sin'*  0  cos(4<I>),  (4) 

where  6  is  the  polar  angle  from  the  film  normal  and  <1>  is  the 
azimuthal  angle  from  the  c  axis  of  the  Co  layers.  This  ex¬ 
pression  is  valid  when  the  magnetic  domains  are  larger  than 
the  crystallographic  ones,  which  has  been  confirmed  by  both 
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the  MOKE  (static  method)  and  FMR  (dynamic  method)  ex¬ 
periments:  longitudinal  hysteresis  loops  with  the  magnetic 
field  along  the  hard  axis  yielded  a  V5  fraction  of  the  rema¬ 
nent  signal  of  the  easy  axis  loops,  as  is  expected  from  a 
fourfold  symmetry.  In  FMR  experiments  we  observed  only 
one  resonance  (at  a  fixed  orientation)  due  to  the  coupled 
excitation  of  the  two  domains. 

For  out-of-plane  MOKE  measurements  the  difference  of 
the  anisotropy  energy  from  perpendicular  to  parallel  spin  ori¬ 
entation,  ^^^  (^=90°,  <l>=45°)-FAnj  (0=0°,  »I>=45°)  is  im¬ 
portant  for  Ky , 

MOKE:K{?°'^=2irMf+jKi+|K2,  (5) 

while  Ky  for  FMR  is  slightly  different  from  the  one  obtained 
from  MOKE,  because  sin'*  6  terms  in  FA„i  have  no  influence 
on  the  resonance  condition  in  out-of-plane  FMR  signals: 

FMR:K^“=27rM2-l-5Ki+K2  (6) 

Despite  the  slight  difference  in  the  crystal  anisotropy  energy, 
it  makes  no  significant  oitference  in  because  the  demag¬ 
netization  factor  [the  first  term  in  Eqs.  (5)  and  (6)]  is  most 
dominant.  Assuming  bulk  anisotropy  constants  we  get 
2-Ky/Afj=22  KOe,  which  is  close  but  not  in  perfect  agree¬ 
ment  with  our  experimental  results.  The  reason  could  be  a 
reduced  anisotropy  due  to  stepped  surfaces***  or  slightly  tilted 
crystallographic  directions,  but  this  has  not  been  investigated 
in  detail. 

The  origin  of  the  large  surface  anisotropy  is  thought  to 
be  of  the  Neel  type  (symmetry  breaking  at  the  surface).  Fur¬ 
thermore,  electronic  effects  at  the  interface  of  these  two 
metals  should  play  an  important  role.  Our  calculations  show 
that  magnetoelastic  (at  least  linear)  effects  are  not  sufficient 
to  explain  the  magnitude  of  K, .  We  determined  the  magne¬ 
toelastic  energy  using  a  model  developed  in  Ref.  11.  Accord¬ 
ing  to  Mason,  the  difference  in  magnetoelastic  energy  of  a 
hexagonal  system  with  the  spin  perpendicular  to  the  (11.0) 
plane  and  parallel  to  this  plane  (for  the  case  of  two-domain 
samples)  can  be  expressed  as 

■*'(“J^c)’Cl3]'^l[(~kB  +  jX4)-Ci2 

+  (“X4+jXB)-Cn  +  (-jXc)-c,3]'e2 

><[(“XB-bjX^)-Ci3  +  (-X,4  +  jXB)-Ci3 

■*’(“jXc)'C33]'£3,  (7) 

where  X,-  are  the  magnetostriction  constants  and  Cjj  are  the 
elastic  constants  of  bulk  hep  Co.  Substituting  the  measured 
values  for  the  in-plane  strain,  ei=-4%  and  £3= +0.2%,  and 
the  out-of-plane  lattice  expansion  62= +7%  of  a  sample  with 
a  Co  thickness  of  10  A  in  this  equation,  we  find  a  value  for 
Kjf£-Klf£  of  -3.3X10®  erg/cm^,  which  corresponds  to  a 
field  of  -4.6  kOe.  This  is  not  big  enough  to  overcome  the 
in-plane  bulk  contribution  2XKylMj= 17  kOe  and  not  small 
enough  to  be  neglected.  It  has  to  be  remarked  that  using  the 


bulk  constants  for  hep  Co  in  Eq.  (7)  could  lead  to  a  slightly 
different  Kj^tg  because  of  the  structural  transition  in  our  Co 
layers. 

In  a  previous  investigation  of  Co/Cr  superlattices  with  a 
different  orientation,*^  it  was  argued  that  the  observed  per¬ 
pendicular  anisotropy  was  governed  by  the  shape  anisotropy 
resulting  from  the  columnar  growth  in  those  samples.  In  our 
samples  this  mechanism  can  be  excluded,  because  in  the  in¬ 
vestigated  sandwich  stmetures  the  in-plane  structural  coher¬ 
ence  lengths  were  larger  than  the  Co  thickness. 

It  is  known  that  interface  interdiffusion  or  roughness  re¬ 
duces  the  magnetization  of  Co/Cr  multilayers.’^  Since  the 
slope  of  the  linear  fit  is  also  determined  by  the  “thick” 
samples,  in  which  the  relative  fraction  of  the  interfaces  is 
rather  small,  we  believe,  however,  that  using  the  bulk  mag¬ 
netization  should  not  alter  the  result  in  a  dramatic  way.  As 
described  in  Ref.  7  in  more  detail,  the  interdiffusion  in  our 
samples  is  limited  to  a  few  atomic  layers  only. 

IV.  SUMMARY  AND  CONCLUSIONS 

In  Co/Cr(001)  superlattices,  hcp-Co(ll.O)  layers  were 
found  to  be  oriented  parallel  to  Cr(OOl)  planes,  with  their  c 
axis  aligned  parallel  to  the  Cr[110]  directions.  A  precursive 
structural  change  to  the  BCC-Co  phase  with  decreasing  Co 
thickness  is  accompanied  with  a  change  of  the  easy  axis  of 
magnetization  from  in  plane  to  the  direction  perpendicular  to 
the  film  plane.  The  corresponding  interface  anisotropy  is 
(0.8±0.1)erg/cm^.  The  interface  anisotropy  may  originate 
from  broken  symmetry,  electronic  effects  at  the  interface, 
and  from  magnetoelastic  effects.  Since  the  magnetoelastic 
effects  can  be  excluded,  the  first  two  effects  must  govern  the 
observed  anisotropic  behavior. 
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Orientational  and  structural  dependence  of  magnetic  anisotropy 
of  Cu/Ni/Cu  sandwiches:  Misfit  interface  anisotropy 

R.  Jungblut,  M.  T.  Johnson,  J.  aan  de  Stegge,  A.  Reinders,  and  F.  J.  A.  den  Broeder 
Philips  Research,  Prof.  Holstlaan  4,  5656  AA  Eindhoven,  The  Netherlands 

Magnetic  anisotropies  and  misfit  strain  relaxations  have  been  investigated  in  Cu/Ni-wedge/Cu  (100) 
and  (111)  sandwiches  deposited  by  molecular  beam  epitaxy  on  single-crystal  Cu  substrates.  Our 
results  reveal  a  clear  distinction  in  the  nature  of  the  measured  anisotropy  at  Ni  thicknesses  below 
and  above  the  critical  value  r<, ,  where  the  growth  becomes  incoherent.  Below  ,  coherent  lattice 
strain  modifies  only  the  volume  anisotropy,  while  interface  anisotropy  is  Neel  type;  above 
magnetoelastic  effects  are  found  to  contribute  to  the  interface  anisotropy. 


In  recent  years,  one  of  the  most  intriguing  properties 
displayed  by  several  magnetic  ultrathin  films  and  multilayers 
(MLs)  has  been  a  preferential  magnetization  perpendicular  to 
the  film  plane,  called  perpendicular  magnetic  anisotropy 
(PMA).'  Phenomenologically,  it  appears  that  this  effect  is 
associated  with  the  interfaces  between  magnetic  and  non¬ 
magnetic  layers,  since  the  effective  anisotropy  constant  K 
has  been  found  to  show  the  following  dependence  on  mag¬ 
netic  layer  thickness  f} 

Kt=Kvt+2Ks.  (1) 

Here,  Ky  is  a  magnetic  volume  coefficient,  largely  composed 
of  magnetostatic  energy,  favoring  in-plane  magnetization. 
The  interface  contribution  Ks,  which  sometimes  favors  per¬ 
pendicular  magnetization,  has  usually  been  associated  with 
Neel’s  surface  anisotropy  originating  in  the  broken  sym¬ 
metry  of  interface  atoms.^  On  the  other  hand,  Chappert  and 
Bruno"*  have  proposed  that  lattice  misfit  strain  may,  via  mag¬ 
netostriction,  contribute  not  only  to  the  volume  anisotropy  in 
coherent  structures,  but  also  to  the  surface  anisotropy  in  in¬ 
coherent  structures,  via  thp  misfit  interface  anisotropy,  . 

Experimentally,  the  challenge  has  been  to  isolate  these 
different  contributions  to  /fj,  but  various  research  groups 
have  come  to  quite  opposite  conclusions.  In  a  pioneering 
experiment,  Gradmann^  noted  that  tensile  stresses  in  the  Ni 
layers  of  Cu/Ni  sandwich  structures  were  responsible  for  the 
apf  earance  of  PMA  at  certain  Ni  layer  thicknesses,  but  could 
not  explain  the  reappearance  of  in-plane  magnetization  for 
thinner  Ni  layers.  Recently,  Lee  et  al.^  explained  the  thick¬ 
ness  dependence  of  the  anisotropy  for  Co/Au  and  Co/Cu 
MLs  as  being  due  solely  to  Co-layer  misfit  strain  variation. 
In  addition,  Nakamura  et  al?  also  considered  that,  in  sput¬ 
tered  Co/Pd  MLs,  PMA  is  caused  mainly  by  Interfacial  strain 
anisotropy  of  interface  alloys.  On  the  other  hand,  in  a  series 
of  experiments  on  Co/Pd  MLs  with  various  crystal 
orientations,®  the  Ky  values  could  be  fully  accounted  for  by 
magnetoelastic  and  magnetocrystalline  anisotropy  contribu¬ 
tions,  suggesting  that  Ks  was  only  due  to  Neel-type  anisot¬ 
ropy.  This  unclear  situation  regarding  the  role  of  and  Xx 
is  probably  related  to  the  large  lattice  misfit  (’=^8%)  in  the 
Co/Pd  system,  and  in  other  systems,  precipitating  immediate 
incoherent  growth,  which  excludes  distinct  identification  of 

and  Kx . 

In  ihis  paper,  we  unambiguously  demonstrate  that  both 
Neel  and  misfit  interface  anisotropies  are  active  in  determin¬ 


ing  the  magnetic  anisotropy  in  Cu/Ni/Cu  sandwich  struc¬ 
tures.  In  this  system  with  a  relatively  small  lattice  misfit 
(»2.5%),  the  relaxation  of  misfit  strain  as  the  Ni  layer 
changes  from  a  coherent  to  an  incoherent  structure  could  be 
followed  in  samples  with  a  Ni  wedge  structure  and  related  to 
changes  in  the  anisotropy.  This  made  it  possible  to  quantify 
the  contribution  of  strain  to  both  Kg  and  Ky. 

The  central  concept  in  the  understanding  of  the  misfit 
interface  anisotropy  is  the  existence  of  a  critical  layer  thick¬ 
ness,  tc .  Below  tc ,  growth  is  coherent  and  the  lattice  misfit  is 
absorbed  by  elastic  strain.  Above  ,  growth  is  incoherent 
and  strain  relaxes  by  misfit  dislocations.  The  critical  thick¬ 
ness  can  be  derived  from’ 


b  ATT\r}\E 


(2) 


with  b  the  Burgers  vector,  G  is  the  shear  modulus,  E  is  the 
elastic  constant  in  the  film  plane,  and  77  is  the  lattice  misfit 
[=(aj-fl)/fl,  with  a  the  overlayer  and  a^  the  substrate- 
lattice  constants].  In  practice,  x=l  for  a  single  layer  depos¬ 
ited  on  a  substrate,  whereas  x =2  if  the  stressed  layer  is  sand¬ 
wiched  between  two  equivalent  thick  layers,  which  both 
support  coherent  growth.  It  should  be  noted  that  for  the  sand¬ 
wich  case  x=2  is  a  purely  thermodynamic  result,  implying 
no  barriers  for  dislocation  motion.  In  the  incoherent  region 
above  t^ ,  Chappert  and  Bruno"*  have  shown  that  the  residual 
strain  e  can  be  written  as  e=  r/tjt.  This  inverse  proportion¬ 
ality  of  strain  to  layer  thickness,  which  has  been  experimen¬ 
tally  observed  in,  for  example,  Ni  overlayers  on  a  Cu(lOO) 
substrate,*®  will  have  important  consequences  for  the  inter¬ 
pretation  of  the  anisotropy,  as  outlined  below. 

A  separate  interpretation  of  the  magnetic  anisotropy 
must  be  made  in  the  regions  above  and  below  tc .  For  coher¬ 
ent  systems,  the  volume  anisotropy  Ky  incorporates  shape 
anisotropy,  magnetocrystalline  anisotropy  (Kmc)  and  strain 
anisotropy  (^xff),  with  interface  anisotropy  being  solely 
Neel  type.  Following  den  Broeder,**  we  find 


Ks^Kt;, 

(3) 

Ky-  -  +  Kxfc  +  Kxie  , 

■» 

(4) 

1 

3  3  1 Ev\ 

Kme-  2^^-  2 

(5) 
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magnetic  layer  thickness  t 


FIG.  1.  Schematic  dependence  oiKt  on  layer  thickness  t,  in  the  presence  of 
negative  Neel  surface  anisotropy  Kf, . 
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with  Mj  the  saturation  magnetization,  X  the  magnetostriction 
constant,  a  the  stress,  and  v  the  Poisson  ratio.  In  this  region, 
the  influence  of  misfit  strain  thus  appears  as  a  volume  con¬ 
tribution  to  the  anisotropy. 

In  the  incoherent  region  above  ,  the  distinctive  form  of 
volume  strain  has  been  shown"*  to  lead  to  an  apparent  inter¬ 
face  contribution — the  magnetoelastic  interface  anisotropy. 
Following  Ref.  11  and  Eq.  (2),  we  find 


Ks=K^+Kx, 

(6) 

\ 

3  lGb\\ 

\  Itc  \ 

(7) 

Ky-  -'zPqM^-^KmCi 

(8) 

where  the  +  and  -  signs  in  Eq.  (7)  refer  to  the  respective 
cases  77<0  and  J7>0.  Figure  1  schematically  illustrates  the 
expected  dependence  of  Kt  on  t,  with  a  marked  kink  appear¬ 
ing  at  the  critical  thickness  .  In  the  remainder  of  this  paper, 
we  will  discuss  how  relevant  this  picture  is  by  considering 
the  Cu/Ni  model  system. 

The  majority  of  the  structural  and  magnetic  properties 
were  determined  from  measurements  on  only  two  Cu/Ni/Cu 
samples:  one  for  the  flOO)  and  one  for  the  (111)  crystallo¬ 
graphic  orientations.  For  both  samples,  the  Ni  layer  was 
grown  in  the  form  of  a  wedge.  The  layers  were  deposited  at 
room  temperature  by  Molecular  Beam  Epitaxy  (MBE),  the 
final  sample-composition  being  Cu(100)iWi  wedge  (0-130 
A,  slope:  15  A/mm)/Cu(10  A)/Au  (25  A);  and  Cu(lll)/Ni 
wedge  (0-40  A,  slope:  3.6  A/mm)/Cu  (12  A)/Au  (25  A). 
More  details  concerning  the  substrate-preparation  and 
growth  technique  can  be  found  in  Ref.  12.  In  addition,  a 
small  number  of  (111)  oriented  samples  with  uniform  Ni 
thicknesses  in  the  range  100-300  A  were  prepared  on 
Si(lll)/2000  A  Cu  substrates. 

The  established  onset  of  strain  relaxation  in  Ni  layers  on 
Cu  crystals*®’*^  was  confirmed  using  LEED.  Initially,  the  Ni 
displays  a  2.5%  expanded  fee  surface  net  that  was  within 
experimental  error  identical  to  that  of  the  Cu  substrate.  In¬ 
plane  strain  relaxation  manifests  itself  in  the  LEED  patterns 
through  small  changes  in  the  position  of  the  diffraction  spots 
and  the  occunence  of  additional  features  located  close  to  the 
primary  diffraction  spots,  possibly  caused  by  diffraction 
from  arrays  of  dislocations  at  large  repeat  intervals  i^a/jf), 


FIG.  2.  The  product  of  total  anisotropy  K  and  Ni  layer  thickness  r,  plotted 
as  a  function  of  t  for  (100)  and  (111)  orientations. 


which  have  recently  been  imaged  with  TEM  in  the 
Cu(100)/Ni  system.*^  In-plane  relaxation  starts  at  «'13  A  Ni 
in  the  (111)  orientation,  and  «=15  A  Ni  in  the  (100)  case.  The 
latter  value  agrees  closely  with  that  determined  by  Matthews 
and  Crawford  (r£.=14.6±3  A*°). 

To  evaluate  the  agreement  between  these  observations 
and  theory,  we  consider  Eq.  (2)  in  the  approximation  x=l 
(the  single  layer  situation  actually  encountered  in  the  LEED 
measurements).  Using  literature  values  for  the  (orientation- 
dependent)  elastic  and  shear  moduli  for  Ni,'"*  and  h=2.5  A 
([110]  slip  direction),  we  expect  /£(111)=11  A  and 
rc(100)=12.5  A.  The  close  agreement  between  predicted  and 
observed  critical  thicknesses  in  both  orientations  lends  valid¬ 
ity  to  the  considerations  presented  above.  We  now  consider 
whether  elastic  strain  (f<fc)  and  strain  relaxation  (f>ff) 
play  a  role  in  determining  the  anisotropies  of  the  samples. 

The  magnetic  anisotropy  was  determined  at  various  po¬ 
sitions  along  the  Ni  wedges  using  a  Kerr  Effect  apparatus. 
Providing  the  magnetization  rotates  homogeneously, 
anisotropies  at  thicknesses  where  the  magnetization  was  in 
plane  could  be  determined  by  forcing  the  sample  toward 
saturation  in  a  field  applied  along  the  film-normal,  whereas 
perpendicular  anisotropies  were  derived  by  forcing  the  mag¬ 
netization  away  from  the  film-normal  using  an  external  field 
with  an  in-plane  component.*^  The  nonuniformity  in  magne¬ 
tization  rotation  accounts  for  the  absence  of  measurements  at 
intennediate  Ni  thicknesses.  For  the  (111)  orientation, 
supplementary  anisotropy  measurements  using  standard  vi¬ 
brating  sample  magnetometry  were  carried  out  on  the 
samples  of  uniform  thickness. 

The  results  of  the  study  appear  in  Fig.  2.  We  immedi¬ 
ately  see  that  the  form  of  both  curves  strongly  resembles  the 
schematic  depiction  in  Fig.  1.  Clear  breaks  are  observed  in 
both  curves.  In  the  spirit  of  Fig.  1,  we  can  straightforwardly 
assert  a  linear  dependence  of  Kt  on  t,  both  below  and  above 
tc .  The  resulting  anisotropies  are  also  compiled  in  Table  I. 
Comparing  Eqs.  (3)  and  (4)  with  (6)  and  (8),  respectively,  it 
is  easy  to  derive  values  for  the  strain-related  interface  (Kx) 
and  volume  (K^tE)  terms,  which  are  also  compiled  in  Table 
I  (assuming  K/^c^O  for  Ni).  Using  the  relevant  magneto¬ 
striction  and  elastic  constants  in  these  equations 
(Xiii  =  -24X10“®  and  X2oo=~46xl0“®),  the  theoretical 
values  of  Kx  and  Kf^E  determined.  As  shown  in  Table 
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TABLE  I.  Summary  of  Cu/Ni  anisotropy  data  pertaining  to  both  investigated  orientations.  Critical  thicknesses  (r^  reported  for  both  single  layers  and 
sandwiche$).and  stress-induced  anisotropy  energies  are  determined  both  experimentally  and  (in  parentheses)  by  calculation. 


Orientation 

Layer 

:(A) 

Sandwich 

K  below  tc 

K  above  tc 

Stress-induced 

anisotropy 

(111) 

13 

32 

K^=-Q.Q6  taSla? 

Xs=+0.27  mJ/m^ 

iCx=0.35  mJ/m^  (0.64) 

(11) 

(35) 

i:v=+0.13  MJ/m^ 

Xv=-0.09  MJ/m’ 

Xme=0.22  MJ/m’  (0.36) 

(100) 

15 

42 

A:n=-0.4  mJ/m^ 

J:s=+0.9  mJ/m^ 

K^=1.3  mJ/m^  (0.8) 

(12.5) 

(40) 

Xv=+0.39  MJ/m’ 

Xv=-0.16  MJ/m^ 

Xme=0.55  MJ/m’  (0.39) 

I,  the  predicted  volume  and  interface  strain  anisotropies  all 
have  the  conect  magnitude  and  sign  to  account  for  the  ex¬ 
perimental  observations.  Quantitatively,  the  uncertainty  in 
defining  magnetostriction  and  elastic  constants  for  ultrathin 
layers,  or  the  presence  of  interface  CIu-Ni  alloys  with  radi¬ 
cally  different  magnetostriction  may  preclude  closer  agree¬ 
ment.  The  positions  of  the  breaks  are  not  in  agreement  with 
the  tc  values  established  from  LEED  studies.  Probably  the 
presence  of  the  overlayer  has  increased  for  the  sandwich 
structure,  in  accordance  with  Eq.  (2).  By  inserting  x=l  into 
Eq.  (2),  we  expect  fe=35  A  for  Cu(lll)/Ni/C!u  and  f<.=40  A 
for  Chi(100)/Ni/Cu,  close  to  the  break  points  of  Figs.  2(a)  and 
2(b).  Previous  work  on  Chi/Ni  MLs‘®  has  revealed  respective 
(100)  and  (111)  interface  anisotropies  of  -0.23  mJ/m^  and 
-0.12  mJ/m^  on  samples  with  rather  thin  individual  layers, 
where  the  growth  was  essentially  coherent.  A  similar  situa¬ 
tion  is  encountered  in  the  present  work,  with  a  more  negative 
Ks  being  found  in  the  (100)  orientation  than  in  the  (111) 
orientation,  in  the  coherent  region  below  .  Concerning  the 
crossover  from  perpendicular  to  in-plane  anisotropies  at 
larger  Ni  thicknesses,  the  present  results  are  seen  to  be  con¬ 
sistent  with  the  work  of  Chang.*’  There,  a  reversal  of  the 
magnetic  anisotropy  was  measured  for  Ni  layers  sandwiched 
between  thick  Cu(lOO)  layers  that  occurred  at  a  Ni  thickness 
in  between  50  A  (perpendicular  remanence)  and  100  A  (in¬ 
plane  remanence).  In  their  attempt  to  explain  the  anisotropy 
of  Co/Pd  MLs  by  magnetoelastic  anisotropy  of  interface  al¬ 
loys,  Nakamura  et  al.  found  similar  kinks  in  the  anisotropy 
of  Pd57Co33/Au  and  Pdj7Co33/Cu  MLs.  We  suggest  that  this 
behavior  is  related  to  the  mechanism  proposed  in  this  paper. 

In  conclusion,  we  summarize  why  the  present  experi¬ 
ment  has  allowed  isolation  of  the  Neel-  and  misfit-type 
anisotropies,  which  have  previously  eluded  separation.  Sev¬ 
eral  favorable  conditions  are  met  in  the  present  Cu/Ni/Cu 
samples.  First,  both  metals  are  fee,  with  only  a  small  lattice 


misfit.  Consequently,  as  revealed  by  our  LEED  studies,  both 
coherent  and  incoherent  stractures  can  be  realized  across 
wide  ranges  of  Ni  thicknesses  accessible  to  anisotropy  mea¬ 
surements.  In  addition,  the  small  saturation  magnetization  of 
Ni  (compared  to  Co  or  Fe)  results  in  a  domination  of  strain- 
induced  anisotropies  compared  to  shape  anisotropy.  Finally, 
magnetocrystalline  anisotropies  are  rather  small  in  Ni. 
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Magnetic  anisotropy  in  uitrathin  fiims  grown  on  vicinai  surfaces  (abstract) 

D.  S.  Chuang,  C.  A.  Ballentine,  and  R.  C.  O’Handley 

Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts  02139 

Growth  of  thin  epitaxial  magnetic  films  on  terraced  substrates,  such  as  Co/Cu(l  1  13)  vicinal  to 
(001),  leads  to  unexpected  magnetic  anisotropy  associated  with  the  surface  steps.  This  anisotropy 
remains  largely  unexplained  and  is  of  potential  technological  importance.  We  have  studied  the 
anisotropy  of  fee  Co/Cu(l  1  13)  films  of  3-20  ML  thicknesses  using  in  situ  MOKE.  The  presence 
of  monoatomic  steps  on  the  Cu(l  1 13)  surface  induces  a  uniaxial  anisotropy  favoring  magnetization 
parallel  to  the  steps.  The  strength  of  this  anisotropy  decreases  with  increasing  film  thickness.  In  this 
paper  we  focus  on  the  interpretation  of  this  anisotropy  in  terms  of  the  Neel  model.^’^  \^cinal  surfaces 
are  characterized  by  (001)  terraces  separated  by  monoatomic  steps.  The  Neel  anisotropy  energy  for 
such  a  surface  has  the  form  ^buik  atoins*b (^surface  atoms  ^0  -^step-edge  atoms  where  t  and 

d  are  film  thickness  and  terrace  width,  respectively.  The  last  term  includes  contributions  from  sites 
at  both  the  top  and  bottom  of  the  step  and  is  responsible  for  the  step-induced  anisotropy.  For  10  ML 
of  Co  on  Cu(l  1 13),  the  magnitude  of  this  term  is  approximately  0.3  erg/cm^  favoring  M  parallel 
to  the  steps,  as  we  have  observed.  FeAV  vicinal  to  (001)  films  show  a  preference  for  in-plane 
magnetization  perpendicular  to  the  steps.^  The  Neel  model  predicts  this  anisotropy  for  a  bcc  Fe  film 
provided  the  magnetization  lies  in  the  film  plane,  not  in  the  (001)  plane. 


'M.  Albrecht,  T.  Funibayashi,  M.  Pntybylski,  J.  Korecki,  and  U.  Gradmann, 
J.  Magn.  Magn,  Mater.  113,  207  (1992). 

*R.  H.  Vietora  and  J.  M.  MacLaren,  Phys.  Rev.  47,  11583  (1993). 

^J.  Chen  and  J.  Erskine,  Phys.  Rev.  Lett.  68, 1212  (1992). 
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Theoretical  predictions  for  magnetic  anisotropy  of  superlattice 
defects  (abstract) 

R.  H.  Victora 
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New  York  14650:2017 

J.  M.  MacLaren 

Physics  Department,  Tulane  University,  New  Orleans,  Louisiana  70118 

Most  experimental  superlattices  contain  numerous  defects  that  substantially  affect  the  anisotropy. 
Calculations  based  on  two  different  theoretical  approaches  are  presented  for  a  variety  of 
substitutional  defects  at  the  interface.  The  first  method  involves  electronic  structure  calculations 
employing  the  local  density  approximation  within  the  layer  Korringa-Kohn-Rostoker  technique. 
Defects  are  treated  as  periodic  at  a  third  nearest-neighbor  spacing.  Large  in-plane  contributions  to 
the  anisotropy  are  found  for  a  substituted  atom  within  the  (111)  Co  layer  of  both  the  Co/Pd  and 
Co/Pt  systems.  For  example,  -203  «Ry  is  obtained  for  a  single  defect  in  the  ICo/lPt  superlattice: 
this  is  -4.2  times  the  interface  anisotropy.  This  is  believed  to  be  the  first  ab  initio  prediction  of  the 
anisotropy  energy  of  defects.  The  second  method  sums  pair  interactions  using  the  potential  (M-R)^, 
where  M  is  the  magnetization  and  R  is  the  vector  connecting  the  two  atoms.  This  method  has  been 
previously  demonstrated^  to  be  accurate  in  comparison  both  to  electronic  structure  calculation  and 
to  experiment.  For  the  fee  (111)  interface,  it  is  predicted  that  the  anisotropy  (in  units  of  interface 
anisotropy)  of  a  substitution  in  a  monolayer  is  -4,  the  anisotropy  of  an  adatom  is  -2,  and  the 
anisotropy  of  a  one-atom  recess  that  does  not  penetrate  the  magnetic  layer  is  -2.  These  predictions 
are  found  to  aproximately  match  the  electronic  structure  theory  in  those  cases  we  have  tested. 
Finally,  the  summation  of  a  variety  of  randomly  chosen  defects  to  form  a  diffuse  interface  yields  an 
anisotropy  equal  to  that  of  a  perfect  interface  times  the  sum  over  all  layers  i  of  [P(j)-P(j  + 1)]^, 
where  P(j)  is  the  probability  of  a  magnetic  atom  in  layer  i.  This  suggests  that  the  highest  anisotropy 
is  obtained  at  the  sharpest  interface. 


'R.  H.  Victora  and  J.  M,  MacLaren,  Phys.  Rev.  B  47, 11583  (1993). 


6428 


J.  Appl.  Phys.  75  (VO),  15  May  1994 


0021-8979/94/75(1 0)/6428/1 /$6.00 


©  1994  American  Institute  of  Physics 


Magnetdelastic  coefficients  at  tetragonal  surfaces  (abstract) 
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Surfaces  and  thin  films  are  generally  highly  strained  relative  to  their  bulk  structures.  The 
magnetoelastic  (ME)  coefficients  coupling  these  strains  to  magnetic  properties  must  be  considered 
in  lower  symmetry  than  the  bulk  values.  We  outline  a  method  of  analyzing  the  ME  problem  at  a 
surface  in  tetragonal  symmetry  (assuming  the  bulk  is  cubic).  Five  ME  coefficients  are  required.  TVo 
methods  have  been  developed  to  extract  these  surface  ME  coefficients  from  the  M-H  behavior  of 
films  subjected  to  different  strains.  One  inethod  fits  the  M-H  behavior  with  that  predicted  by  an 
equation  of  motion  derived  from  a  free  energy  which  includes  ME,  magnetostatic,  crystal  field,  and 
Zeeman  terms.  This  method  is  useful  in  certain  simple  cases  where  canonical  linear  M-H  behavior 
is  observed.  In  more  complicated  cases,  it  can  be  shown  that  the  ME  coefficients  are  related  to  the 
area  A  (AH,  Ae)  between  two  anhysteretic  M-H  curves  at  two  different  strain  levels  and  between 
arbitrary  field  limits  (see  Fig.).  The  choice  of  field  limits  allows  the  M-H  results  near  the  origin, 
and  near  saturation  H^Hf^  to  be  omitted  from  the  analysis.  The  validity  of  the  method  i<! 
illustrated  with  measurements  on  thin  cobalt,  nickel,  and  permalloy  films. 


FIG.  1.  ME  coefficients  as  related  to  the  area  A{AH,tie)  between  two 
anhysteretic  M-H  curves  at  two  different  strain  levels  and  between  arbitrary 
field  units. 
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Magnetic  anisotropy  in  epitaxial  Ni/Cu(001)  thin  films:  Effects  of  misfit 
strain  on  perpendicular  magnetic  anisotropy  (abstract) 

G.  Bochi,  C.  A.  Balentine,  H.  E.  Inglefield,  S.  S.  Bogomolov,  C.  V.  Thompson, 
and  R.  C.  O’Handley 

Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts  02139 

Several  epit^ial  magnetic  systems,  notably  Fe/Ag(00i)  and  Fe/Cu(001),  exhibit  perpendicular 
magnetic  anisotropy  (PMA)  over  a  relatively  narrow  thickness  range,  approximately  2-6  ML. 
Recently,  it  has  been  shown*’^  that  a  similar  region  of  perpendicular  anisotropy  exists  for  Ni/ 
Cu(00lX  biit  over  a  much  broader  range  of  film  thicknesses  extending  up  to  approximately  40  ML. 

The  effective  anisotropy  energy  density  can  be  wmtten  as  =  -IttMI  +  2Bie(r) 

+  {2Kf//t),  which  includes  magnetostatic  (MS),  magnetoelastic  (ME),  and  Neel  (averaged  over  two 
surfaces)  terms.  The  effective  anisotropy  vanishes  at  the  perpendicular  to  in-plane  transition 
thickness  of  about  60  A.  If  we  assume  bulk  values  for  Mg  and  B  j,  the  ME  coupling  coefficient,  and 
use  our  measured  strain  values  e(t),  we  find  that  the  Neel  term  is  an  order  of  magnitude  smaller  than 
the  ME  and  MS  terms.  These  large  competing  terms  therefore  control  the  PMA  in  this  system.  We 
have  extended  our  studies  of  PMA  in  NiyCu(OOl)  to  include  Cui.^^Ni^t  (0%<jc<50%)  alloy 
substrates  for  which  the  misfit  strain  with  the  Ni  film  is  reduced.  We  find  that  the 
perpendicular-to-in-plane  transition,  at  r«<40  ML  for  Ni/Cu(001),  shifts  to  thinner  nickel  layers  as 
the  misfit  strain  is  decreased  by  deposition  on  Cui_,Ni;t  substrates.  This  further  confirms  the 
important  role  of  ME  energy  in  PMA  for  this  system. 


'G.  Bochi  et  al,  Mater.  Res.  Soc.  Proc.  313,  308  (1993). 
^R.  Jungblut  et  al,  J.  Appl.  Phys.  (to  be  published). 
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with  bilinear  and  biquadratic  interlayer  exchange 
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Using  a  microscopic  and  quantum  approach,  we  study  the  ground  state  configuration  and  the 
spin-wave  excitations  of  a  model  of  two  ferromagnetic  monolayers,  interacting  via  both  bilinear  and 
biquadratic  exchange,  and  subject  to  an  easy-plane  anisotropy,  a  quartic  in-plane  anisotropy,  and  an 
external  field.  Peculiar  features  are  found  in  the  field  dependence  of  the  acoustic  and  optical 
fi-equency  gaps  in  correspondence  to  the  critical  fields  for  which  the  canting  angle  between  the 
magnetizations  of  the  two  coupled  layers  presents  discontinuities.  In  particular,  we  suggest  that  a 
minimum  in  the  optical  gap  at  the  saturation  field  could  be  experimentally  observed  by  Brillouin 
light  scattering  in  real  systems,  like  Fe/Cr/Fe  trilayers. 


I.  INTRODUCTION 


11.  SPIN-WAVE  THEORY 


Sandwich  structures  consisting  of  two  ferromagnetic 
films  separated  by  a  nonmagnetic  spacer,  like  Fe/Cr/Fe 
trilayers,  have  attracted  wide  interest  since  the  discovery  of 
interlayer  antiferromagnetic  coupling.’  Later  on,  detailed  in¬ 
vestigations  of  wedge  shaped  samples  revealed  the  existence 
of  long-  and  short-period  damped  oscillations  of  the  inter¬ 
layer  coupling  with  increasing  Cr  thickness.^’^  Recently, 
magnetooptic  and  magnetometry  techniques'*’^  provided  ex¬ 
perimental  evidence  for  a  nearly  perpendicular  orientation  of 
the  magnetizations  of  the  two  Fe  layers.  It  was  suggested'* 
that  such  a  configuration  is  due  to  the  presence  of  a  biqua¬ 
dratic  interlayer  exchange,  in  addition  to  the  usual  bilinear 
one.  Several  mechanisms  were  proposed  for  the  biquadratic 
coupling,  both  of  macroscopic*  and  microscopic’  origin. 

In  this  paper  we  study,  within  a  microscopic  and  quan¬ 
tum  approach,  the  ground  state  configuration  and  the  spin- 
wave  excitations  for  the  simple  model  of  two  ferromagnetic 
monolayers,  interacting  via  both  bilinear  and  biquadratic  in¬ 
terlayer  exchange,  and  subject  to  an  easy-plane  single-ion 
anisotropy,  a  quartic  in-plane  anisotropy,  and  an  external 
field.  Whatever  its  origin,  in  our  model  the  biquadratic  cou¬ 
pling  is  assumed  as  a  phenomenological  parameter.  Analyti¬ 
cal  results  are  obtained  for  the  frequencies  of  the  two  spin- 
wave  modes.  Peculiar  features  are  found  in  the  field 
dependence  of  the  acoustic  and  optical  frequency  gaps  in 
correspondence  to  the  critical  fields  where  the  canting  angle 
between  the  magnetizations  of  the  two  coupled  layers  pre¬ 
sents  discontinuities.  Finally,  we  discuss  the  relevance  of  our 
calculations  with  respect  to  real  systems,  like  Fe/Cr/Fe  trilay¬ 
ers,  and  suggest  that  a  minimum  in  the  optical  gap  at  the 
saturation  field  could  be  experimentally  observed  by  Bril¬ 
louin  light  scattering  (BLS). 


We  assume  a  model  of  spins  localized  on  the  sites  of  two 
parallel  monolayers,  with  simple  quadratic  structure  and  lat¬ 
tice  constant  a,  separated  by  a  fixed  distance  c,  with  a  reg¬ 
istered  (010)  interface.  The  spin  Hamiltonian  reads 


( -T  2)  SKI||) ’8,(111+ iSI+DESj-dii)]’ 

I,./  [  ^  ^ 

-f  ([5;(i||)r+[sj(iii)r)-gMaH-s,(i||) 

-aE  S,(I„).S2(I||)-bE  [S,(1,|)-S2(I,))]2,  (1) 

I,  I, 


where  l|]=(/;f,/z)  and  /(=1,2)  denotes  the  plane  index.  We 
are  particularly  interested  in  the  peculiar  features  arising 
from  the  competition  between  the  nearest  neighbor  ferro¬ 
magnetic  intralayer  exchange  (7>0)  and  the  antiferromag¬ 
netic  bilinear  (A<0)  and  biquadratic  (B<0)  interlayer  cou¬ 
plings.  We  also  assume  a  single-ion  anisotropy  (£>>0), 
sufficiently  strong  to  make  the  spins  lie  in  the  xz  plane,  and 
a  quartic  anisotropy  (K)  breaking  the  in-plane  rotational 
symmetry.  We  take  K>0,  so  that  {100}  is  the  easy  direction, 
and  {101}  the  hard  one.  A  magnetic  field  is  applied  within 
the  xz  plane,  along  a  high  symmetry  direction. 

We  first  perform  a  transformation  of  the  spin  compo¬ 
nents  from  the  crystallographic  frame  of  reference  to  a  local 
one,  then  the  usual  Dyson-Maleev  transformation  from  spin 
to  bosonic  operators.  Using  the  mixed  representation 
(^j,/),  allowed  by  the  translational  invariance  in  the  xz 
plane,  and  retaining  up  to  quadratic  terms  in  the  bosonic 
operators,  the  Hamiltonian  (1)  takes  the  form 
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S^=E{(Pi,<P2)  +  ^  E  M/maL/aki.m 

l,m=l,2 

+  5^m(«k,,/a^.m  +  «k,/-|<j,m)]-  (2) 

Defining  h=g/j,sH,  A  =  {(p2-<Pi),  T={(pi  +  <P2)I2, 
f„=[l-n/(2S)]  (with  «  =  1,2,3),  and  ^=0  (tt/A)  for  H 
applied  along  an  easy  (hard)  axis,  the  diagonal  elements  are 
written  as 

^/(=4J5[l-'>'(k||)]+/j  cos  {ifi-(pi)+DSfi+AS  cos  A 

BS[2SY^il-3  cos^  A)+  cos  A] 

-i  KSf,[-4S^h+S-4+5S^f2f3  sin^  (2^.,)], 

8j',=  -DS/i-BSV?sin2  A-i  KSfxX[3S-2 

+  352/2/3  sin2(2f,)],  (3) 

where  7(k[|)  =  [  cos(/:^)+ cos(/:jfl)]/2,  with  -ir^k^a, 
k^a^TT.  The  off-diagonal  elements  (1  m)  are 

A 

.ySi„=^„i=  -AS  cos2  —  -BS 

X[2S^f\  cos2  A-52/2(1-cos  A)-j  ], 
^„=%,,=ASsiv?^  -BS 

X  [2S^f]  cos2  A  -  (52/2 + cos  a  -  52/2] .  (4) 

The  ground  state  configuration  is  found  minimizing  the  zero 
boson  term 

E{<Pi,<P2)  =  C2B-A)S^  cos  A-fl5Vf  cos2  A 

+  J  iCSVi/2/3[sin'(2<Pi)  +  sin2(2^2)] 

-/tS[  cos  (i//-(p,)  +  cos  (l/f-<P2)]  (5) 

with  respect  to  and  <P2  (i.e.,  the  angles  formed  by  the 
magnetizations  of  the  two  coupled  ferromagnetic  monolayers 
with  the  in-plane  easy  axis  [100]),  or  equivalently  with  re¬ 
spect  to  A  and  F  (i.e.,  the  canting  angle,  and  the  angle 
formed  by  the  vector  sum  of  the  two  magnetizations  with 
[100],  respectively).  In  the  classical  limit  5-+'»  (so  that 
/„->!  V  «),  we  recover  the  results  previously  found  in  Ref. 
4  for  the  H=0  ground  state  configuration. 

The  frequencies  of  the  spin-wave  excitations  ate  ob¬ 
tained,  in  the  framework  of  a  Green’s  function  method  pre¬ 
viously  developed  for  the  study  of  magnetic  multilayers,®  as 
the  eigenvalues  of  the  4X4  real  nonsymmetric  dynamical 
matrix 

/  r\ 

-J-  ® 

In  the  limiting  cases  with  high  symmetry,  such  that 
^11 =.^2  3"^^  Ihey  turn  out  to  be’ 

a>i(ki)  =  (^n+^i2)^-(^ii  +  W 

<(kl|)  =  (^u--^i2)'-(^i-gi2)'.  (7) 


FIG.  1.  3i  FIG.  1.  (a)  Mean  of  the  T=0  magnetizations  of  the  two  coupled 
films  versus  the  intensity  of  a  magnetic  held  applied  along  an  in-plane  easy 
axis,  [100].  (b)  Field  dependence  of  the  canting  angle  A  (full  line),  and  of 
the  angle  F  (dashed  line),  formed  by  the  total  magnetization  with  the  field 
direction,  (c)  Field  dependence  of  the  optical  (full  line)  and  acoustic  (dashed 
line)  frequency  gaps.  The  Hamiltonian  parameters  are  fixed  to  A  =  -0.06 
K,B=-0.01  K,/f=0.1  K,Z)  =  1  K,S=2,g=2. 

From  the  analysis  of  the  eigenvectors  of  .^(kj|),  one  finds 
that  Waj  and  Wop  can  be  identified  with  the  acoustic  and  the 
optical  mode,  since  they  are  associated  to  in-phase  and  out- 
of-phase  motion  of  the  spins,  respectively.’ 

III.  RESULTS  AND  DISCUSSION 

In  Fig.  1(a)  we  report  the  mean  of  the  1=0  magnetiza¬ 
tions  of  the  two  coupled  films,  M/Ms={  cos  91+ cos  92)/2, 
versus  the  intensity  of  a  magnetic  field  applied  along  the 
in-plane  easy  axis  [100].  We  choose  Hamiltonian  param¬ 
eters  such  that  for  H=0  the  ground  state  is 
antiferromagnetic,'®  as  experimentally  observed  by  Kobler 
et  al.  in  Fe/Cr/Fe  sandwiches.^  In  agreement  with  previous 
calculations,^  four  different  phases  are  clearly  distinguish¬ 
able  with  increasing  field." 

From  Fig.  1(b),  where  the  field  dependence  of  the  cant¬ 
ing  angle  A  and  of  the  angle  F  are  reported,  one  can  see  that 
in  correspondence  to  the  two  lower  critical  fields  separating 
the  first  three  phases,  one  has  a  first  order  transition  since 
both  angles  undergo  abrupt  changes.  Instead,  at  the  satura¬ 
tion  field  //,=[B(l-452/2)-2A-2A:s2/,/2/3]5/(g/iB), 
one  has  a  second  order  transition.^  Moreover,  we  notice  that 
in  the  second  phase,  characterized  by  an  almost  perpendicu¬ 
lar  mutual  orientation  of  the  magnetizations  of  the  two 
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coupled  layers,  A  =  90°,  the  total  magnetization  is  not 
directed  along  the  field,  F  #  0:  these  two  features  result  in 
an  almost  half-saturation  value  for  the  mean  of  the  magneti¬ 
zations  [see  Fig.  1(a)]. 

In  correspondence  to  the  critical  values  of  H,  for  which 
the  magnetization  undergoes  a  first-order  phase  transition, 
also  the  acoustic  and  optical  fi-equency  gaps,  <a(k||=0), 
present  discontinuities:  see  Fig.  l(cj.  The  most  interesting 
feature  is  the  vanishing  of  the  optical  gap  at  the  saturation 
field  ,  even  in  the  presence  of  a  finite  in-plane  anisotropy, 
Ki^  a.  This  can  be  explained,  by  inspection  of  the  explicit 
analytic  expressions  for  the  frequency  gaps,®  in  terms  of  a 
field-induced  mechanism  of  isotropization  of  the  in-plane 
motion  of  the  spins.  In  fact,  we  find  that  while  the  energy 
banier  for  deviations  of  the  spins  out  of  the  film  plane  is 
constant  with  respect  to  H,  its  in-plane  counterpart  does  de¬ 
pend  on  the  field.  More  precisely,  upon  H  approaching  , 
the  energy  barrier  for  in-plane  deviations  from  the  canted 
ground  state  decreases  (i.e.,  the  system  becomes  more  and 
more  isotropic)  until,  when  the  field  increases  further,  it  con¬ 
stitutes  itself  an  energy  barrier. 

We  suggest  that  the  peculiar  features,  predicted  in  the 
field  dependence  of  the  acoustic  and  optical  frequency  gaps, 
could  be  experimentally  observed  by  BLS  in  sandwich  struc¬ 
tures  made  of  ultrathin  ferromagnetic  films  separated  by  a 
nonmagnetic  spacer.  However,  for  our  theory  to  bt  appli¬ 
cable,  two  conditions  have  to  be  satisfied.  First,  the  intra¬ 
plane  exchange  interaction  should  be  much  greater  than  the 
interlayer  ones,  so  that  the  low  frequency  modes  measurable 
by  BLS  are  determined  only  by  the  feeble  bilinear  and  bi¬ 
quadratic  interlayer  couplings.  Second,  the  system  should  be 
able  to  jump  between  monodomain  stable  configurations 
(with  respect  to  which  the  spin-wave  excitations  have  been 


calculated)  without  forming  domains.  Both  conditions  seem 
to  be  satisfied  in  the  case  of  Fe/Cr/Fe  trilayers.*^ 

In  conclusion,  our  microscopic  spin-wave  study  of  the 
magnetic  excitations,  in  sauu.''ich  structures  coupled  by  bi¬ 
linear  and  biquadratic  exchange,  provides  analytical  expres¬ 
sions  for  the  spin-wave  dispersion  curves,  which  could  be 
useful  for  the  determination  of  the  interlayer  coupling  con¬ 
stants  from  BLS  data  in  real  systems.  In  particular,  by  this 
technique  one  could  detect  the  peculiar  features  predicted  in 
the  field  dependence  of  the  acoustic  and  optical  frequency 
gaps,  in  correspondence  to  the  critical  fields  for  which  the 
canting  angle  between  the  magnetizations  of  the  two  coupled 
layers  presents  discontinuities. 
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'"With  an  appropriate  choice  of  the  Hamiltonian  parameters,  one  can  obtain 
(see  Refs.  4,9)  a  canted  ground  state  configuration  at  //=0,  as  experimen¬ 
tally  observed  by  Riihrig  et  al.  (see  Ref.  4). 

"Upon  reducing  the  biquadratic  exchange  constant,  one  finds  that  the  third 
phase  disappears  (sec  Refs.  5,9). 

'*In  the  light  of  the  experimental  results  by  Kobler  et  al.  (see  Ref.  5)  the 
multi-domain  state  observed  in  Fe/Cr/Fe  wedge  shaped  samples  (see  Ref. 
4)  appears  to  be  a  very  unstable  intermediate  state  between  monodomam 
stable  configurations. 
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Temperature  dependence  of  interlayer  exchange  coupling  in  Co/Ru/Co 
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The  temperature  dependence  of  the  interlayer  exchange  coupling  field  and  the  effective 
anisotropy 'field  i/eff  within  fenomagnetic  layers  was  investigated  for  Co/Ru/Co  trilayer  structures 
using  the  angular  dependence  of  ferromagnetic  resonance  (FMR).  It  was  found  that  both  and 
i/jff  increase  with  decreasing  temperature.  The  dependence  of  on  temperature  follows  roughly 
the  relationship  Htj^«(TITo)  sinh(r/ro)  predicted  by  Edwards  etal.,  and  the  characteristic 
temperature  Tq  decreases  with  increasing  Ru  spacer  thickness  as  predicted. 


Since  the  first  discovery  of  antiparallel  exchange  cou¬ 
pling  in  the  Fe/Cr  system,^  a  lot  of  work  has  been  done  to 
evaluate  the  interlayer  exchange  coujpling  strength  in  various 
magnetic  multilayer  systems  using  ferromagnetic  resonance 
(FMR)  and  Brillouin  light  scattering  (BLS).^"*  For  a  trilayer 
system  consisting  of  two  ferromagnetic  layers  separated  by  a 
nonmagnetic  spacer,  the  interlayer  exchange  coupling  energy 
per  unit  surface  area  is  generally  assumed  to  have  the  form 


M,-M2 

‘2  M^M 


where  A 12  is  the  exchange  coupling  coefficient  and  Mi  and 
M2  are  magnetization  vectors  in  ferromagnetic  layers  1  and 
2,  respectively. 

While  many  of  the  FMR  and  BLS  experiments  were 
performed  at  room  temperature,  limited  research  has  been 
devoted  to  the  temperature  dependence  of  the  magnetic  prop¬ 
erties  in  the  magnetic  multilayer  system.  Using  a  polarized 
one-band  model  and  an  analogy  with  the  de  Haas-van  Al- 
phen  effect,  Edwards  et  al^  predicted  that  the  exchange  cou¬ 
pling  coefficient  A 12  decreases  with  increasing  temperature 
and  follows  the  relationship 


(2) 


For  multilayer  films,  the  characteristic  temperature  given  by 


To=hvFl2TrkBL, 


(3) 


is  on  the  order  of  100  K.  Here  Uf  is  the  Fermi  velocity  and! 
is  the  spacer  thickness.  Celinski  et  al.  performed  FMR  mea¬ 
surements  at  several  low  temperatures  on  Fe/Pd/Fe  and 
Fe/Cu/Fe  trilayer  structures  and  found  that  the  exchange  cou¬ 
pling  strength  at  77  K  is  almost  twice  as  large  as  the  value  at 
room  temperature.’  However,  the  data  are  too  limited  to 
draw  any  systematic  conclusions. 

The  temperature  dependence  of  the  interlayer  exchange 
coupling  is  readily  obtained  if  both  the  acoustic  mode  and 
the  optic  mode  can  be  observed  in  the  trilayer  system.*  How¬ 
ever,  for  the  samples  in  which  the  two  ferromagnetic  layers 
are  identical,  only  the  acoustic  mode  can  be  observed.  In  this 
case,  a  sensitive  experimental  method  must  be  developed. 
The  angular  dependence  of  the  dispersion  relation  for  a  sym¬ 


metrical  trilayer  system  was  calculated  by  adding  an  ex¬ 
change  field  H^j=2A]2ldMs,  where  d  is  the  thickness  of  the 
magnetic  layer  to  the  standard  single-layer  model.®  One  im¬ 
portant  result  from  the  calculation  is  that  for  an  antiparallel 
coupled  system,  even  the  resonance  position  of  the  acoustic 
mode  is  significantly  modified  from  that  of  the  noncoupled 
system  if  the  magnetic  layers  are  not  saturated  at  resonance. 
Furthermore,  the  angular  dependence  of  the  acoustic  mode  in 
the  unsaturated  region  is  very  sensitive  to  small  changes  in 
the  exchange  coupling  strength  or  to  the  internal  anisotropy 
energies  for  certain  frequencies.®  This  provides  another  way 
to  study  the  temperature  dependence  of  the  interlayer  ex¬ 
change  coupling. 

Both  methods  were  used  to  investigate  the  temperature 
dependence  of  the  interlayer  exchange  coupling  for  a  series 
of  Co(32  A)/Ru(rRu)/Co(32  A)  trilayer  structures,  where  6 
A<tRu<80  A.  These  trilayer  films  were  prepared  in  ultra- 
high  vacuum  by  evaporation  on  freshly  cleaved  mica  sub¬ 
strate.  Transmission  electron  microscopy  (TEM)  studies  have 
shown  that  the  layers  are  epitaxially  grown  with  good  crys¬ 
talline  features  and  relatively  sharp  interfaces.*®  From  the 
previous  FMR  and  magnetization  measurements,*  oscilla¬ 
tions  in  the  exchange  coupling  between  the  Co  layers  have 
been  found  as  a  function  of  the  Ru  spacer  at  room  tempera¬ 
ture.  The  magnetization  vectors  of  the  two  Co  layers  are 
strongly  antiparallel  coupled  for  tRu^lZ  A,  parallel  coupled 
for  tRu~16  A  and  antiparallel  coupled  for  20^rRu=s24  A. 
Insignificant  coupling  was  fou.i^  for  samples  with  a  Ru 
thickness  greater  than  28  A. 

The  three  samples  reported  here  have  a  Ru  thickness  of  9 
A  (SI),  20  A  (S2),  and  24  A  (S3).  The  Co  layers  are  anti¬ 
parallel  coupled  and  have  easy  plane  anisotropy  energy. 
Sample  SI  is  in  the  first  antiparallel  coupled  region  while 
samples  S2  and  S3  are  in  the  second  antiparallel  coupled 
region.*  FMR  measurements  have  been  performed  at  J-band 
(9.2  GHz)  and  ^T-band  (23  GHz)  frequencies  with  the  tem¬ 
perature  ranging  from  50  K  to  300  K.  At  each  temperature, 
the  external  field  is  rotated  from  the  orientation  parallel  to 
the  film  plane,  6)/ =90°,  to  the  orientation  perpendicular  to 
the  film  plane,  6)/=0°,  in  10°  steps. 

Figure  1  shows  the  angular  dependence  of  the  FMR 
spectra  for  the  tRu=9  A  (SI)  sample  at  ^C-band  frequencies 
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FIG.  1.  The  angular  dependence  of  the  resonance  field  at  /C-band  frequency 
(23  GHz)  for  the  Co(32  A)/Ru(9  A)/Q)(32  A)  sample  at  room  temperature. 
The  solid  line  is  the  theoretical  curve  using  the  parameters.  f/„=8.74  kG, 
^e(f““5.80  kG,  and  g=2.22.  The  dashed  lines  are  the  predictions  corre¬ 
sponding  to  a  5%  and  10%  variation  in  the  exchange  field  H„ .  The  inset 
figures  are  the  predictions  of  the  dispersion  relations  for  this  sample  at  the 
angles  20°,  and  90°.  The  dashed  line  in  the  inset  figures  indicate  the 
position  of  the  /f-band  frequency. 


and  room  temperature.  The  resonance  field  increases  as  the 
external  field  is  rotated  away  from  the  parallel  orientation 
(0//=9O'’)  until  it  reaches  a  maximum  value  at  some  inter¬ 
mediate  angle.  The  resonance  field  then  decreases  as  the  ap¬ 
plied  field  continues  to  rotate  toward  the  perpendicular  ori¬ 
entation  (^//=0®).  In  contrast  to  the  case  of  a  single-layer 
system,  this  behavior  is  not  due  to  a  large  higher-order  an¬ 
isotropy  energy  term,  but  rather  related  to  the  nonparallel 
orientation  of  the  magnetization  vectors  in  the  two  Co  layers 
due  to  the  large  antiparallel  interlayer  exchange  coupling  a!> 
expected  from  the  magnetization  measurement  which  shows 
an  in-plane  saturation  field  //sat.|j>8  kG.  Using  the  exchange 
coupled  resonance  theory,®  the  experimental  data  can  be  fit¬ 
ted  as  shown  by  the  solid  line  in  Fig.  1.  The  same  fitting 
parameters  account  for  the  resonance  data  at  Af-band  fre¬ 
quencies  as  well. 

If  the  internal  anisotropy  field  is  constant  but  the  ex¬ 
change  coupling  field  varies  by  5%  or  10%,  Fig.  1  shows 
that  the  angular  dependence  of  the  resonance  spectra  changes 
significantly  (dotted  line).  The  agreement  between  the  ex¬ 
perimental  data  and  the  theoretical  calculation  indicates  that 
the  uncertainty  of  and  the  contribution  from  the  biqua¬ 
dratic  exchange  coupled  term  should  be  less  than  1%  for  this 
sample.  With  the  increase  of  //„,  it  can  be  seen  that  (1)  the 
angle,  0^",  at  which  the  resonance  field  reaches  its  maxi¬ 
mum  value  increases;  (2)  the  resonance  field  in  the  perpen¬ 
dicular  orientation  decreases;  and  (3)  the  change  of  reso¬ 
nance  fields  in  the  parallel  orientation  is  insignificant. 

From  the  temperature  dependent  FMR  spectra  for  this 
sample  at  iif-band  frequencies,  it  was  found  that  6^^  in- 
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FIG.  2.  (a)  The  interlayer  exchange  coupling  field  and  (b)  the  effective 
anisotropy  field  //,«  as  a  iction  of  temperature  for  the  sample  Co(32 
A)/Ru(9  A)/Co{32  A).  The  Oushed  lines  ate  the  best  fit  using  Eq.  (4). 

creases  from  about  20°  at  300  K  to  nearly  80°  at  50  K,  due  to 
an  increase  of  the  interlayer  exchange  coupling  with  decreas¬ 
ing  temperature.  These  restiits  are  consistent  with  the  in- 
piane  magnetization  measurements  which  show  an  increase 
of  from  8.3  kG  at  300  K  to  9.9  kG  at  100  K.  The 
resonance  field  in  the  perpendicular  orientation  does  not 
change  significantly  over  the  temperature  range  (decreases 
from  6.5  kG  at  r=300  K  to  6.15  kG  at  7'=50  K)  even 
though  the  magnetization  measurement  indicates  a  20%  in¬ 
crease  in  the  exchange  coupling  field  as  the  temperature  de¬ 
creases  from  300  to  100  K.  The  changes  in  the  internal  an¬ 
isotropy  field  within  each  Co  layer  over  this  temperature 
range  nearly  compensates  for  the  increasing  in  the  exchange 
coupling  at  the  perpendicular  orientation  but  gives  a  signifi¬ 
cant  increase  to  the  parallel  resonance  field,  from  5.6  kG  at 
room  temperature  to  6.6  kG  at  50  K. 

From  the  FMR  results,  the  g  value,  and  the  effec¬ 
tive  anisotropy  field  -  4  ttM^  were  evaluated.  The  g 

value  from  this  fitting  is  between  2.18  and  2.26  through  the 
whole  temperature  range.  Both  and  //jr  decrease  with 
increasing  temperature  (as  shown  in  Fig.  2).  The  variation  of 
//„  with  temperature  follows  the  lelationship 

y^sinhj -}+//:,  (4) 

which  is  shown  as  the  broken  curve  in  Fig.  2(a).  In  compari¬ 
son  with  Eq.  (2)  predicted  by  Edwards  et  al.,^  a  temperature- 
independent  term,  ,  is  added  in  order  to  get  a  better  fit. 
The  characteristic  temperature  Tq  for  this  sample  is  about 
150  K.  Also  shown  in  Fig.  2(a)  are  the  in-plane  saturation 
fields  //sai4=f/ex  froni  Ihe  magnetization  measurements.  The 
trend  of  „  with  temperature  agrees  with  the  FMR  results; 
however,  the  values  of  are  noticeably  diff^erent,  which  is 
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FIG.  3.  as  a  function  of  temperature  for  the  samples  Co(32  A)/Ru(20 
A)/Co(32  A)  and  Co(32  A)/Ru(24  A)/Co{32  A).  The  dashed  lines  are  the 
best  fit  using  Eq.  (4). 


probably  due  to  the  inaccurate  measurement  from  the  mag¬ 
netization  curve. 

For  the  fRu=20  A  (S2)  and  24  A  (S3)  samples,  the  ex¬ 
change  coupling  strength  is  about  0.S  kG  at  room  tempera¬ 
ture,  much  smaller  than  that  in  sample  SI.  Therefore,  the 
magnetization  vectors  of  the  Co  layers  are  saturated  at  reso¬ 
nance.  There  is  a  small  difference  in  the  internal  anisotropy 
field  between  the  two  Co  layers  in  these  two  samples  due  to 
different  growth  quality.®  As  a  result,  both  the  acoustic  mode 
and  the  optic  mode  can  be  observed.  The  field  separation 
between  the  acoustic  mode  and  the  optic  mode  is  equal  to  the 
exchange  field  plus  the  contribution  due  to  the  difference 
in  the  effective  anisotropy  field  between  the  two  Co  layers, 
However,  the  analysis  shows  that  the  contri¬ 
bution  of  the  latter  term  is  insignificant  for  these  two  samples 
when  the  external  field  is  applied  parallel  to  the  film  plane  at 
AT-band  frequencies;  therefore  the  field  separation  in  the  par¬ 
allel  FMR  spectra  is  used  as  the  exchange  coupling  field 


Similar  to  sample  SI,  in  samples  S2  and  S3  in¬ 
creases  with  decreasing  temperature  and  can  be  fitted  to  Eq. 
(4)  as  shown  by  the  dashed  lines  in  Fig.  3.  However,  Tq  was 
found  to  be  about  110  K  and  60  K  for  samples  S2  and  S3, 
respectively,  smaller  than  that  for  sample  SI  as  expected  for 
the  thicker  Ru  layers  from  Eq.  (3). 

In  these  two  samples,  the  parallel  resonance  field  of  the 
acoustic  mode  increases  while  the  perpendicular  resonance 
field  decreases  with  decreasing  temperature,  suggesting  a  de¬ 
crease  in  amplitude  of  the  effective  anisotropy  field  //(g  at 
low  temperatures.  At  100  K  is  observed  to  decrease  by 
2-3  kG  from  the  value  at  room  temperature,  similar  to  the 
result  obtained  in  sample  SI,  shown  in  Fig.  2(b). 

From  the  results  obtained  for  the  three  Co/Ru/Co  trilayer 
structures,  it  was  found  that  the  variation  of  //„  with  tem¬ 
perature  follows  roughly  the  relationship  predicted  by  Ed¬ 
wards  et  al.^  The  characteristic  temperature  Tq  decreases 
with  an  increase  of  the  Ru  layer  thickness — from  150  K  at 
rRu=9  A  to  60  K  at  fRu=24  A.  However,  Tg  does  not  seem  to 
follow  the  1//ru  relation  predicted  in  the  Edwards  model 
which  would  give  7’o~70  K  at  fRu=20  A,  a  value  much 
smaller  than  the  110  K  observed  in  sample  S2. 
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Scanning  electron  microscopy  with  polarization  analysis  was  used  to  investigate  the  interlayer 
exchange  coupling  in  Fe/Au/r'e(100)  sandwich  structures.  The  films  were  epitaxially  grown  on 
single-crystal  Fe(lOO)  substrates.  Electron  diffi-action  measurements  revealed  that  the  Au  spacer  film 
grew  with  a  surface  reconstrrction  consistent  with  that  observed  for  bulk  Au  crystals.  The  exchange 
coupling  oscillates  between  primarily  ferromagnetic  and  antiferromagnetic  coupling  for  Au  spacer 
layers  up  to  65  layers  (13  nm)  thick,  but  a  significant  biquadratic  coupling  component  was  also 
observed.  The  oscillatory  coupling  exhibited  two  components  with  periods  of  2.48±0.05  layers 
(0.506±0.010  nm)  and  8.6±0.3  layers  (1.75±0.06  nm).  The  measured  periods  are  in  excellent 
agreement  with  those  calculated  from  spanning  vectors  of  the  Au  Fermi  surface. 


I.  INTRODUCTION 

Magnetic  measurements  from  atomically  well-ordered 
magnetic  multilayer  structures  are  essential  in  order  to  make 
meaningful  evaluations  of  various  models  of  oscillatory  ex¬ 
change  coupling.  Thickness  variations  due  to  deviations  from 
ideal  layer-by-layer  growth  can  obscure  important  features  of 
the  magnetic  coupling.  For  example,  in  Fe/Cr/Fe  multilayers 
it  has  been  shown  that  a  Cr  spacer  roughness  of  only  a  quar¬ 
ter  layer  can  completely  obscure  the  short,  two-layer  period, 
exchange  coupling  oscillations.*"^ 

In  this  work  we  have  investigated  the  interlayer  ex¬ 
change  coupling  in  epitaxially  grown  Fe/Au/Fe(100)  sand¬ 
wich  structures.  Au(lOO)  rotated  by  45“  is  a  very  close  lateral 
match  to  the  Fe(lOO)  surface  and  should  therefore  be  a  pos¬ 
sible  candidate  for  atomically  well-ordered  growth.  In  previ¬ 
ous  work,  where  the  Fe/Au/Fe  multilayer  was  deposited  on  a 
Ag(lOO)  substrate,  Celinski  and  Heinrich"*  did  not  observe 
any  well-defined  oscillatory  behavior  of  the  exchange  cou¬ 
pling  through  the  AnClOO).  Using  GaAs(lOO)  substrates  to 
grow  Fe(lOO)  and  a  wedge-shaped  Au  spacer  layer.  Fuss 
etal}  observed  oscillatory  coupling  consisting  of  a  long- 
period  component  of  6.9  layers  and  a  weaker  short-period 
oscillation  of  about  two  layers.  We  have  used  single-crystal 
Fe  whisker  substrates  in  our  studies  and  have  observed  very 
well-defined  short-  and  long-period  coupling  oscillations  that 
extended  over  a  large  Au  thickness  range. 

II.  EXPERIMENT 

The  experimental  procedures  used  to  investigate  the  ex¬ 
change  coupling  in  Fe/Au/Fe  have  been  described  in  detail 
elsewhere.^’®  Briefly,  the  chemical  composition  and  the  struc¬ 
tural  order  of  the  samples  were  measured  using  scanning 
Auger  spectroscopy  and  reflection  high-energy  electron  dif¬ 
fraction  (RHEED),  respectively.  Scanning  electron  micros¬ 
copy  with  polarization  analysis  (SEMPA)  was  used  to  make 
in  situ  measurements  of  the  sample’s  magnetization  during 
and  following  film  growth.  The  films  were  grown  on  Fe(l(X)) 
single-crystal  substrates  that  were  cleaned  by  Ar-ion  sputter¬ 
ing  followed  by  750  “C  annealing  cycles.  Scanning  tunneling 
microscope  images  of  similar  whiskers  show  high-quality 
surfaces  with  only  about  one  single  atomic  height  step  per 
square  fim.^  RHEED  patterns  from  the  bare  whiskers 
showed  sharp  diffraction  spots  distributed  along  Laue  arcs  as 


expected  for  a  perfect  crystal.  The  Auger  spectra  established 
that  contamination  levels  were  below  0.05  monolayers. 

In  order  to  measure  the  Au  thickness  dependence  of  the 
exchange  coupling,  wedge-shaped  Au  spacer  layers  were 
grown  by  moving  a  shutter  in  front  of  the  Fe  substrate  during 
Au  deposition.  The  geometry  of  the  wedge  is  shown  sche¬ 
matically  in  Fig.  1.  The  slope  of  the  Au  wedge  was  small, 
about  0.001“,  which  is  less  than  the  0.01“  average  slope  of 
the  Fe  whisker  substrate.  Au  spacer  layers  were  grown  at  Fe 
substrate  temperatures  between  80  and  100  “C,  and  at  an 
evaporation  rate  of  about  8  layers/min.  The  direction  of  the 
interlayer  exchange  coupling  was  determined  by  measuring 
the  magnetization  of  the  top  Fe  film  with  SEMPA.  Fe  whis¬ 
ker  substrates  with  the  simple  two-domain  structure  shown 
in  Fig.  1  were  used  in  order  to  check  for  and  eliminate  any 
instrumental  offsets  in  the  SEMPA  measurement. 


III.  RESULTS 

The  crystalline  order  and  thickness  of  the  Au  films  were 
measured  using  spatially  resolved  scanning  RHEED.  Figure 
2  shows  the  specular  RHEED  intensity  as  the  incident  elec¬ 
tron  beam  was  scanned  along  the  wedge  and  a  RHEED  pat¬ 
tern  from  a  10-layer-thick  Au  film.  The  RHEED  intensity 
oscillations  were  used  to  determine  the  Au  thickness  con- 


FtG.  1.  An  exploded  schematic  view  of  the  sample  structure  showing  the 
Fe(lOO)  single-crystal  whisker  substrate,  the  evaporated  Au  wedge,  and  the 
Fe  overlayer.  Arrows  in  the  Fe  show  the  magnetization  direction. 
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FIG.  2.  The  specular  RHEED  intensity  as  a  function  of  the  Au  thickness 
obtained  by  scanning  the  electron  beam  along  the  wedge.  A  RHEED  pattern 
from  a  10-layer-thick  film  is  shown  in  the  inset. 


tours  along  the  wedge.  For  Au  films  less  than  three  layers 
thick,  the  RHEED  patterns  were  similar  to  those  for  clean 
Fe,  but  after  three  layers  the  diffraction  spots  stretched  into 
sharp  streaks  and  superlattice  streaks  began  to  form.  The  four 
extra  streaks  that  appeared  between  the  primary  diffraction 
beams  were  characteristic  of  a  fivefold  surface  reconstruc¬ 
tion.  Both  (5X1)  and  (5X20)  surface  reconstructions  have 
been  observed  for  bulk  Au.®  While  the  presence  of  streaks  in 
the  diffraction  patterns  indicates  some  disorder,  the  surface 
reconstruction  suggests  that  the  Au  films  have  bulklike  struc¬ 
tural  order.  In  fact  the  sharpness  of  the  streaks  indicates  that 
the  Au  grows  in  patches  that  are  internally  well  ordered  but 
slightly  misaligned  with  respect  to  one  another. 

The  direction  of  the  magnetic  coupling  was  determined 
by  measuring  the  magnetization  of  the  top  Fe  film  using 
SEMPA.  A  SEMPA  image  of  a  Au  wedge  coated  with  five 
layers  of  Fe  is  shown  in  Fig.  3.  The  component  of  the  mag¬ 
netization  along  the  whisker  direction  is  My  and  the  orthogo¬ 
nal  component  of  the  in  plane  magnetization  is  .  Oscilla¬ 
tions  between  ferromagnetic  and  antiferromagnetic 
“bilinear”  coupling  are  most  clearly  visible  in  the  My  com¬ 
ponent.  The  M^  component,  on  the  other  hand,  emphasizes 


the  perpendicular  “biquadratic”  coupling  between  the  Fe 
film  and  substrate.  The  thickness  scale  on  these  images  is  not 
linear,  because  of  a  gradual  drift  in  the  Au  evaporation  rate. 
This  nonlinearity,  as  well  as  any  other  spatial  variations  in 
the  Au  thickness,  was  accounted  for  by  using  scanning 
RHEED  images  from  the  same  region.  The  scanning 
RHEED  images  were  correlated  with  the  SEMPA  images  by 
aligning  topographic  features  in  the  RHEED  images  with  the 
same  features  in  intensity  images  that  were  acquired  at  the 
same  time  as  the  magnetization  images. 

Averaged,  linearized  line  scans  of  My  taken  from  the 
data  in  Fig.  3  and  from  a  different  Fe/Au/Fe(l(H))  wedge  are 
shown  in  Fig.  4.  One  can  see  from  these  data  that  the  peri¬ 
odicity  of  the  coupling  is  very  reproducible,  but  the  ampli¬ 
tude  of  the  oscillations  and  the  thickness  at  which  they  even¬ 
tually  vanish  vary  among  samples  grown  under  slightly 
different  conditions. 

In  order  to  measure  the  coupling  periods  precisely,  we 
followed  a  previously  described  procedure®  and  modeled  the 
bilinear  coupling  J  by  the  sum  of  tv'o  sine  waves  such  that 

J=A\  sin(27r//di  +  ^])+A2  sin(27rr/d2+<^2)>  (1) 

where  t  is  the  A.a  thickness,  and  A,  d,  and  (f>  are  adjustable 
amplitudes,  periods,  and  phases,  respectively.  To  simulate  the 
SEMPA  data,  this  continuous  function  was  first  discretized 
with  the  Au  lattice  so  that  each  monolayer  was  assigned  a 
single  coupling  strength.  The  thicknesses  at  which  the  cou¬ 
pling  switched  sign  were  then  determined  by  taking  the 
weighted  average  of  the  coupling  from  adjacent  layers.  Fi¬ 
nally,  all  positive  coupling  values  were  set  to  the  same  mag¬ 
netization  level  and  all  negative  coupling  to  the  equal  but 
opposite  magnetization.  Figure  4  shows  the  results  of  a  cal¬ 
culation  that  gave  the  best  fit  of  the  model  to  the  data.  The 
parameter  values  for  this  model  were  AiM2=2.1,  d)=2.48 
layers,  <^,=0.44,  ^2=8.60  layers,  and  <^=3.14. 

In  addition  to  the  bilinear  coupling,  biquadratic  coupling 
was  also  observed  in  these  films.  While  SEMPA  cannot  di¬ 
rectly  measure  the  absolute  strength  of  the  magnetic  cou¬ 
pling,  the  magnetization  direction  is  roughly  proportional  to 
the  ratio  of  the  biquadratic  to  bilinear  coupling.’  The  M^ 
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FIG.  3.  SEMPA  images  from  the  five-layer-thick  Fe  overlayer,  showing  the 
m-plane  magnetization  components  along  the  wedge,  My ,  and  orthogonal  to 
the  wedge,  . 


FIG.  4.  The  results  of  the  model  calculation  described  in  the  text  are  com¬ 
pared  with  an  averaged,  linearized  line  scan  of  the  My  data  from  Fig.  3  and 
from  a  SEMPA  measurement  from  a  different  wedge  (dotted  line).  For  com¬ 
parison,  the  calculated  (bottom)  and  measured  (top)  curves  are  shown  both 
seperately  and  overlaid. 
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image  in  Fig.  3  shows  that  in  the  thin  part  of  the  wedge  the 
biquadratic  coupling  is  only  significant  at  the  transitions  be¬ 
tween  the  ferromagnetic  and  antiferromagnetic  regions.  As 
the  Au  thickness  increases,  the  relative  strength  of  the  biqua¬ 
dratic  coupling  also  increases,  so  that  for  thicknesses  greater 
than  about  20  layers,  the  biquadratic  coupling  is  always 
present,  and  the  coupling  oscillations  are  no  longer  between 
purely  ferromagnetic  or  antiferromagnetic  states,  but  be¬ 
tween  some  intermediate  angles.  For  thicker  Au  films  the 
coupling  also  tends  to  break  up  randomly  into  islands  with 
diffp  magnetization  components  but  the  same  My 

con  .ent.  The  formation  of  these  regions  is  not  under- 
stooa,  but  the  length  scales  involved  suggest  that  it  is  related 
to  the  details  of  the  Au  growth. 

IV.  DISCUSSION 

Qualitatively,  the  Au  results  are  similar  to  SEMPA  mea¬ 
surements  of  the  coupling  in  Fe/Cr/Fe(100)  (Ref.  2)  and  Fe/ 
Ag/Fe(100)  (Ref.  6).  In  each  case,  oscillatory  coupling  was 
observed  that  consisted  of  two  periodic  components,  and  the 
oscillations  persisted  for  spacer  layers  greater  than  10  nm 
thick.  Another  common  feature  of  these  films  grown  on  Fe 
whisker  substrates  is  that  the  short-period  oscillations  are 
more  pronounced  and  the  oscillations  extend  over  a  greater 
thickness  range  than  in  multilayers  grown  on  more  conven¬ 
tional  substrates.  Fe/Au/Fe  sandwiches  grown  on  Ag  sub¬ 
strates  show  no  oscillatory  coupling.'*  Fe/Au/Fe  sandwiches 
grown  on  GaAs  substrates  only  reveal  weak  short-period 
modulations  in  the  long-period  antiferromagnetic  coupling.* 

The  ability  to  observe  many  coupling  oscillations  over  a 
large  interlayer  thickness  range  allows  the  coupling  periods 
to  be  measured  with  sufficient  precision  to  provide  a  strin¬ 
gent  test  of  current  theories  of  multilayer  exchange  coupling. 
Currently,  there  are  two  quantitative  predictions  of  Fe/Au/Fe 
coupling  periods  available.  In  both  theories  the  oscillatory 
coupling  periods  are  determined  by  wave  vectors  that  are 
perpendicular  to  the  surface  and  span  nearly  parallel  faces  of 


the  spacer  layer’s  bulk  Fermi  surface.  Stiles*®  used  a  tight- 
binding  fit  to  a  local-density  approximation  of  the  Au  band 
structure  to  compute  coupling  periods  of  2.50  and  9.36  lay¬ 
ers.  Bruno  and  Chappert**  used  a  nearly-free-electron  fit  to 
de  Haas-van  Alphen  and  cyclotron  resonance  measurements 
of  Fermi  surface  extremals  and  predicted  coupling  periods  of 
2.51  and  8.60  layers  for  Au(lOO).  Both  calculations  are  in 
good  agreement  with  our  measured  Au  coupling  periods  of 
2.48±0.05  and  8.6±0.3  layers,  although  the  Bruno  and 
Chappert  calculation  matches  the  long  period  better.  The 
general  agreement  between  our  measurements  and  these 
theories  further  supports  the  hypothesis  that  the  oscillatory 
exchange  coupling  periods  in  atomically  well-ordered  mate¬ 
rials  are  determined  by  Fermi  surface  spanning  vectors. 
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An  oscillatory  interlayer  coupling  in  Co/Au(lll)/Co  has  been  obtained  from  polar  Kerr  hysteresis 
loop  measurements  on  a  molecular-beam-epitaxy-grown  50  A  Au/2  A  Co/0-40  A  Au  wedge/7  A 
Co/20  A  Au  sample  deposited  on  a  Cu(lll)  single  crystal.  The  period  of  the  coupling  is  seen  to 
increase  from  11  to  14  A  with  increasing  Au  thickness,  indicating  a  preasymptotic  behavior.  The 
asymptotic  period  of  14±1  A  is  larger  than  the  theoretically  expected  period  of  11.4  A.  The 
observation  of  coupling  up  to  40  A  Au  will  be  discussed  in  relation  to  the  general  absence  of 
coupling  in  evaporated  Co/Cu(lll)/Co  samples. 


I.  INTRODUCTION 

Lately,  much  attention  has  been  given  to  the  antiferro¬ 
magnetic  (AF)  interlayer  coupling  and  its  oscillation  period 
in  evaporated  Co/Cu(lll)/Co  samples.*"^  In  general,  experi¬ 
ments  failed  to  reveal  AF  coupling*  or  an  oscillation  period,^ 
except  for  recent  measurements  by  Schreyer  etaO  and 
Howson  etal.,^  who  only  detect  a  small  fraction  of  AF- 
coupled  Co,  and  Kohlhepp  etal,^  who  found  full  AF  cou¬ 
pling  when  using  Co  layers  only  one  monolayer  thick.  The 
difficulty  in  obtaining  interlayer  coupling  at  thicknesses 
larger  than  that  of  the  first  AF  maximum  was  suggested  by 
Bruno  and  Chappert^  to  originate  from  a  cutoff  length  for  the 
interlayer  coupling,  whereas  others’  propose  formation  of 
magnetic  links  through  a  granular  interlayer. 

In  the  former  suggestion,  the  cutoff  length  results  from  a 
loss  of  translational  invariance  along  the  interfaces  between 
the  interlayer  and  the  magnetic  layers.  Consequently,  de¬ 
structive  interference  in  the  oscillating  interlayer  interaction 
suppresses  the  coupling  at  interlayer  thicknesses  typically 
larger  than  the  cutoff  length.  Loss  of  translational  invariance, 
in  turn,  can  have  various  origins:  mixing  at  the  interfaces, 
roughness,  grain  boundaries,  or  dislocations  associated  with 
the  incoherent  growth  present  in  lattice-mismatched  systems. 
Specifically  for  the  (111)  orientation,  the  expected  effect  of 
suppression  is  dramatic,  because  of  the  large  angle  between 
the  Fermi  velocity  and  the  film  normal.  Assuming  only  inco¬ 
herent  growth,  Bruno  and  Chappert®  have  evaluated  the  cut¬ 
off  length  in  the  case  of  Co/Cu(lll)/Co  to  be  52  A  Cu;  for 
Co/Au(lll)/Co  only  9  A  Au  was  predicted.  The  shorter  cut¬ 
off  length  in  the  latter  case  follows  from  the  large  lattice 
mismatch  of  approximately  14%  compared  to  about  2%  in 
tne  case  of  Co/Cu,  as  the  cutoff  length  originating  from  in¬ 
coherent  growth  is  proportional  to  the  inverse  of  the  lattice 
mismatch.®  If  incoherent  growth  due  to  a  lattice  mismatch  is 
to  be  responsible  for  the  absence  of  interlayer  coupling  in 
various  coupling  experiments  on  evaporated  Co/Cu(lll)/Co 
samples,  then  certainly  no  interlayer  coupling  is  expected  in 
Co/Au(lll)/Co.  In  this  article  the  above  hypothesis  is  tested. 

II.  EXPERIMENT 

In  the  present  experiments,  the  interlayer  was  deposited 
in  a  wedge  shape  by  translation  of  a  shutter  along  the  sample 


during  evaporation.  The  Co  layers  were  chosen  to  be  thin,  in 
order  to  be  able  to  measure  even  weak  antiferromagnetic 
coupling  (2  A  Co)  or  to  have  a  perpendicular  anisotropy*  in 
order  to  obtain  a  large  coercive  field  (7  A  Co).  Unequal 
thicknesses  for  the  two  Co  layers  were  used  to  obtain  differ¬ 
ent  coercivities.**  This  allows  measurement  of  both  AF  cou¬ 
pling  and  small  ferromagnetic  (F)  coupling  as  described  in 
the  following  section. 

The  composition  of  the  sample,  prepared  by  molecular 
beam  epitaxy  (MBE)  in  a  VG  Semicon  V80M  system,  was 
50  A  Au/2  A  Co/0-40  A  Au  wedge/7  A  Co/20  A  Au.  A 
Cu(lll)  single  crystal  of  1  mm  thickness  and  12  mm  diam¬ 
eter  was  used  as  a  substrate.  All  layers  were  deposited  at 
room  temperature,  at  pressures  of  10"®  Pa  and  with  deposi¬ 
tion  rates  of  typically  0.1  A/s.  Layer  thicknesses  were  con¬ 
trolled  by  a  vibrating  quartz  crystal  monitor  and  checked 
with  in  situ  Auger  electron  spectroscopy  (AES).  The  wedge 
start  was  also  determined  with  AES  and  its  slope  was  ob¬ 
tained  using  the  auartz  crystal  (4.1  A/mm)  and  confirmed 
with  AES  (4.0  A/mm).  Low-energy  electron  diffraction 
(LEED)  investigations  revealed  that  incoherent  growth  of  the 
Au  base  layer  resulted  in  an  almost  complete  relaxation  to 
the  bulk  Au  lattice  spacing.  Deposition  of  the  ultrathin  2  A 
Co  layer  decreased  the  sharpness  of  the  LEED  spots.  The 
spots  remained  at  their  position,  which  can  be  interpreted  as 
coherent  growth  of  the  Co  on  Au  or  as  due  to  the  Au  layer 
below  the  ultrathin,  perhaps  incoherent,  Co  layer.  Upon 
deposition  of  the  Au  wedge  the  spots  became  still  more  dif¬ 
fuse.  Deposition  of  the  thicker  upper  Co  layer  clearly  pro¬ 
ceeded  by  incoherent  growth,  with  the  Co  layer  assuming 
bulk  lattice  spacings.  The  sixfold  symmetry  of  all  LEED 
photos  is  ascribed  to  either  a  twinned  fcc(lll)  structure  or 
possibly  hcp(OOOl)  structure  in  the  case  of  Co.  The  presence 
of  incoherent  growth  establishes  that  the  conditions  are  met 
for  which  the  occurrence  of  the  cutoff  length  has  been  pre¬ 
dicted. 

In  a  perpendicularly  applied  field,  polar  Kerr  hysteresis 
loops  were  measured  at  various  positions  along  the  Au 
wedge  and  hence  at  various  Au  interlayer  thicknesses. 

III.  RESULTS  AND  DISCUSSION 

In  Fig.  1  schematic  hysteresis  loops  are  given  in  case  of 
weak  and  strong,  F  and  AF  coupling.  A  large  and  small  arrow 
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FIG.  1.  Model  hysteresis  loops  in  case  of  (a)  strong  AF,  (b)  weak  F,  (c)  weak 
AF,  and  (d)  strong  F  interlayer  coupling.  A  small  and  a  large  anow  indicate 
a  thin  and  thick  layer,  respectively.  The  path  indicated  by  the  dotted  lines 
appears  if  an  inner  loop  is  measured. 

indicate  the  magnetic  moment  of  a  thick  layer  (layer  1)  with 
a  large  coercive  field  and  that  of  a  thin  layer  (layer  2)  with  a 
smaller  coercive  field,  respectively.  Both  layers  are  assumed 
to  have  a  perpendicular  easy  axis,  along  which  the  external 
field  is  applied.  In  case  of  F  [AF]  interlayer  coupling,  the 
moment  of  layer  2  is  oriented  [anti]  parallel  to  that  of  layer  1 
at  zero  field  and  does  not  flip  until  the  coupling  is  overcome 
by  a  large  enough  negative  [positive]  magnetic  field,  as  is 
visible  in  Fig.  1(b)  [1(a)  and  1(c)].  As  a  result  the  hysteresis 
loop  of  layer  2  will  be  shifted  to  negative  [positive]  magnetic 
fields,  although  measurement  of  an  inner  loop,  indicated  by 
the  dotted  lines,  may  be  required  to  reveal  the  full  hysteresis 
loop  of  this  layer.  However,  the  finite  coercivity  of  layer  1 
puts  an  upper  limit  to  the  maximum  F  coupling  to  be  mea¬ 
sured.  In  the  case  of  strong  F  coupling,  the  flipping  of  the 
moment  of  layer  1  at  its  coercive  field  ends  the  pinning  of 
the  moment  of  layer  2  via  the  F  coupling  against  the  external 
field.  As  a  consequence,  both  moments  simultaniously  flip 
and  a  sq;:are  hysteresis  loop  results  as  shown  in  Fig.  1(d). 
Regions  of  AF  coupling  can  be  identified  in  a  straightforward 
way  via  a  decrease  in  remanent  magnetization. 

A  compilation  of  measured  Kerr  loops  obtained  at  the 
indicated  thickness  of  the  Au  interlayer  is  shown  in  Fig.  2. 
First,  note  that  in  the  loops  that  show  two  transitions  [2(e)- 
2(h)]  one  transition  is  large  and  steplike  (perpendicular  an¬ 
isotropy),  whereas  the  other  is  small  and  gradual  (in-plane 
easy  axis).  In  view  of  the  thickness  of  the  Co  layers  as  well 
as  their  position  below  the  top  layer,  the  large  steplike  tran¬ 
sition  in  the  Kerr  effect  originates  from  a  flipping  of  the 
perpendicular  moment  of  the  7  A  Co  layer,  and  the  small 
gradual  transition  from  a  rotation  of  the  in-plane  moment  of 
the  2  A  Co  layer.  A  clear  correspondence  between  the  loops 
in  Figs.  1  and  2  is  visible.  However,  the  steplike  transition  of 
layer  2  in  Fig.  1  has  become  a  gradual  transition  instead,  as 
can  be  seen  if  one  compares  loop  1(c)  with  loop  2(h)  where 
an  inner  loop  was  measured.  An  inner  loop  could  not  be 
measured  in  all  cases  as  the  AF  state  was  not  always  com¬ 
pletely  reached  before  the  transition  of  layer  1  took  place, 
e.g.,  loop  2(f).  Nevertheless,  a  shift  of  the  remaining  branch 
of  the  transition  of  layer  2  can  still  be  seen.  Comparison  with 
Fig.  1  shows  that  the  loops  in  Figs.  2(e),  2(g),  and  2(h)  reveal 
AF  coupling,  whereas  the  loop  in  Fig.  2(f)  indicates  weak  F 
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FIG.  2.  Kerr  hysteresis  loops  measured  at  the  indicated  Au  interlayer  thick¬ 
ness.  Note  that  the  magnetic  field  range  of  loops  (b)  and  (c)  is  much  larger 
than  the  range  of  the  other  loops. 

coupling.  The  square  loops  in  Figs.  2(a)  and  2(d)  indicate  a 
strong  F  interlayer  coupling.  In  Figs.  2(b)  and  2(c)  the  mag¬ 
netic  transition  of  the  2  A  Cc  layer  also  indicates  AF  cou¬ 
pling,  but  the  transition  extends  over  a  much  larger  field 
range  than  for  example  in  Fig.  2(e).  This  can  be  partly  un¬ 
derstood  from  numerical  absolute  minimum  energy  calcula¬ 
tions  as  discussed  in  a  more  extensive  article,'®  in  which  also 
the  transition  fields  as  observed  in  Fig.  2,  containing  the 
strength  of  the  interlayer  interaction,  will  be  analyzed.  How¬ 
ever,  since  the  main  point  of  this  article  is  the  oscillatory 
behavior  of  the  interlayer  coupling,  an  analysis  of  the  rema- 
nence  is  sufficient. 

In  Fig.  3,  the  remanence  is  plotted  against  the  Au  inter¬ 
layer  thickness.  Three  minima  conesponding  to  maximum 
AF  coupling  are  visible  at  12.6,  23.8,  and  38.0  A  Au.  The 
period  increases  with  increasing  spacer  thickness  from  11.2 
to  14.2  A  (with  an  estimated  error  of  ±1  A  due  to  wedge 
slope  uncertainties),  which  indicates  preasymptotic  behavior. 
Although  a  decreasing  period  was  predicted  by  Zlatic"  an 
increasing  period  was  also  found  by  Shintaku,  Daitoh,  and 
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FIG.  3.  Plot  of  the  remanence  against  Au  interlayer  thickness. 
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Shinjo*^  for  Fe/Au(100).  The  period  at  large  Au  thicknesses 
is  significantly  larger  than  the  predicted'^  asymptotic  period 
of  11.4  A.  The  ori^  of  this  discrepancy  is  not  clear,  but  a 
similar  discrepancy  was.  observed  for  Co/Cu(100).^^  The 
analysis  of  the  transition  fields’®  corroborates  these  results. 

It  has  thus  been  established  that  a  clear  oscillatory  inter¬ 
layer  coupling  across  Au(lll)  layers  separating  (partly)  in¬ 
coherent  Co  layers  cah  be  observed  up  to  40  A  Au.  This 
result  must  be  confronted  with  the  discussion  of  Bruno  and 
Chappert,®  who  argue  that,  in  Co/Au(lll)/Co,  the  interlayer 
coupling  would  be  suppressed  typically  above  9  A,  being  the 
cutoff  length  due  to  lattice  mismatch.  Apparently,  the  sup¬ 
pression  is  not  strong  enough  to  obscure  the  interlayer  cou¬ 
pling  at  larger  Au  thicknesses.  In  view  of  the  considerably 
smaller  cutoff  length  due  to  lattice  mismatch  in  the  present 
system  as  compared  to  the  cutoff  length  in  Co/Cu(lll)/Co 
(52  A),  one  is  tempted  to  conclude  that  the  controversial 
behavior  in  evaporated  Co/Cu(lll)/Co  cannot  be  due  to  this 
suppression.  The  observation  of  an  oscillation  of  the  cou¬ 
pling  strength  in  sputtered  incoherent  Co/Cu(lll)/Co 
samples’^  supports  this.  Still,  other  sources  of  loss  of  trans¬ 
lational  invariance,  such  as  interface  mixing,  could  be  re¬ 
sponsible  for  the  different  behavior  of  the  Co/Cu(lll)  and 
the  Co/Au(lll)  systems. 

IV.  CONCLUSIONS 

From  magnetization  remanence  data  the  interlayer  cou¬ 
pling  oscillation  period  for  Au(lll)  between  Co  layers  is 
deduced  and  is  found  to  increase  with  spacer  thickness,  re¬ 
flecting  a  preasymptotic  behavior.  The  period  of  14±1  A  at 
large  Au  thickness  is  larger  than  the  predicted’’  period  of 

11.2  A. 


Note  added  in  proof.  After  completion  of  this  work,  we 
were  informed  of  a  similar  investigation  of  the  F  and  AF 
interlayer  coupling  in  Co/Au(lll)/Co  by  Grolier  et  al.^^ 
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Theory  of  Brillouin  light  scattering  from  dipole-exchange  spin  waves 
in  magnetic  double  layers  with  interlayer  exchange  coupling 
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The  analytic  theory  of  Brillouin  light  scattering  from  dipole-exchange  spin  waves  (SW)  in  single 
magnetic  films  is  extended  to  the  case  of  perpendicularly  magnetized  exchange-coupled  magnetic 
double  layers.  It  is  shown  that  the  infiuence  of  the  interlayer  exchange  coupling  on  the  SW  spectrum 
of  a  symmetric  double  layer  can  be  taken  into  account  by  renormalizing  the  pinning  parameter  at  the 
interface  between  the  magnetic  film  and  the  spacer  for  the  antisymmetric  SW  modes  (the  symmetric 
modes  are  unaffected).  Using  a  Green’s-frmction  formalism  for  light  scattering  from  magnetic  films, 
we  calculate  the  light-scattering  cross  sections  from  the  dipole-exchange  discrete  SW  branches  of 
the  double  layer.  Numerical  examples  are  presented. 


I.  INTRODUCTION 

In  our  previous  papers*’^  we  have  developed  a  simple 
analytical  formalism  for  Brillouin  light  scattering  from 
dipole-exchange  spin  waves  (SW)  in  ferromagnetic  films 
with  arbitrary  surface  anisotropies.  The  aim  of  the  present 
paper  is  to  extend  this  theory  to  the  case  of  layered  structures 
consisting  of  two  ferromagnetic  films  separated  by  thin  non¬ 
magnetic  layers.  The  complete  theory  should  account  for 
dipole-dipole  and  exchange  interactions  within  each  ferro¬ 
magnetic  layer  as  well  as  the  dipole-dipole  and  exchange 
couplings  between  different  films  (layers). 

The  problem  of  SW  excitations  in  double-layer  systems 
has  been  addressed  by  several  authors  and,  although  theoreti¬ 
cal  curves  obtained  adequately  describe  the  existing  experi¬ 
mental  d‘'ta,  the  theory  involves  lengthy  numerical  calcula¬ 
tions  of  a  rather  cumbersome  system  of  initial  equations. 
Here  we  develop  a  more  simple,  analytic  approach  to  the 
theoretical  description  of  this  system,  and  we  make  applica¬ 
tions  to  Brillouin  light  scattering. 

II.  SPIN-WAVE  SPECTRUM  FOR  THE  DOUBLE-LAYER 
SYSTEM 

Let  us  consider  a  perpendicularly  magnetized  layered 
structure  consisting  of  two  ferromagnetic  films  (labeled  1 
and  2)  of  thicknesses  L  i  and  Z,2i  separated  by  a  nonmagnetic 
layer  of  thickness  b.  The  pinning  constants  dY  and  dY  char¬ 
acterize  pinning  on  the  outer  surface  (s)  and  interface  (i), 
respectively,  of  each  film.  The  z  axis  is  taken  to  be  perpen¬ 
dicular  to  the  planar  surfaces  and  interfaces. 

We  assume  that  the  interlayer  exchange  interaction  is 
characterized  by  a  phenomenological  parameter  pj=A  12/^  j’ 
j  and  Aj  being  the  film  number  and  the  corresponding  ex¬ 
change  constant,  respectively,  and  A 12  is  the  interlayer  ex¬ 
change  constant  as  defined  in  Refs.  3  and  4.  The  parameter  yS 
is  a  function  of  the  spacer  thickness  b.  Tire  typical  experi¬ 
mental  behavior  of  /3  as  a  function  of  b  is  discussed 
elsewhere.^’®  It  can  be  positive,  negative,  or  oscillatory,  being 
generally  of  the  order  of  magnitude  10*  cm“*.  In  our  theory 
we  use  yS  as  an  empirical  parameter  already  known  either 
from  microscopic  calculations  or  from  experiment. 


The  procedure  of  obtaining  the  SW  spectrum  for  the 
multilayered  system  has  been  developed  in  Ref.  7  for  the 
case  of  purely  dipolar  coupling  between  the  layers.  It  is 
based  on  the  expansion  of  the  variable  part  of  magnetization 
my(r,r)  and  the  dipolar  field  h‘*'P(r,0  of  the  film  j  into  the 
Fourier  series  of  the  following  kind: 


my(r,/)  =  ]S  S  mky„<^y„(z)exp[-/(kp-wr)],  (1) 

k  n 


hf'’(r,/)  =  S  2  h^7>,„(z)exp[-/(kp-a>0],  (2) 

k  n 


where  k  and  /'  are  the  in-plane  wave  vector  and  radius  vec¬ 
tor,  respective  v.  and  the  functions  <Ay„(z)  for  the  case  of  two 
layers  should  be  taken  in  the  form: 

/  ^ 

4>lniz)=Ain  COS  K\n\2-^2 


+B,„  sin 


Z+J+Li). 


4>2ni^)=A2„  COS  K2„  Z 


(3) 


+B2„  sin  K2„ 


where  Kj„  are  the  transverse  discrete  wave  numbers.  To  in¬ 
corporate  the  effects  of  the  interlayer  exchange  coupling  into 
the  theory’  we  require  that  the  eigenfimctions  (3)  satisfy  the 
linearized  Hoffmann  boundary  conditions:* 


dz 
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dz 


+  (d2  +  ^2)<f>2i 


z=b/2 


Mn2 

-TT 

^01 


=0, 


z=-b/2 


where  Mqj  is  the  static  magnetization  in  the  film  j.  In  par¬ 
ticular,  for  a  symmetric  structure  with  two  identically  mag¬ 
netized  layers  (i.e.,  Li=L2=L,  d'f=d'i^=d''^, 
Moi=Mo2^Mq,  Ki„=K2„^k„),  Eqs.  (4)  lead  to 


(k^— dV)tan  kJL  =  K„{d^+d‘) 


(5) 


for  the  symmetric  modes,  i.e.,  the  modes  with  the  variable 
magnetization  in  the  both  layers  distributed  simiJariy,  and 

W+2/3)]tan  /f„L  =  Ac„[dH(d'+2;3)]  (6) 


for  the  antisymmetric  modes. 

Equation  (5)  is  the  same  as  that  for  a  single  (uncoupled) 
layer  of  thickness  L  (see,  e.g..  Refs.  8  and  9).  Equation  (6) 
has  a  similar  form  but  with  a  modification  of  the  interface 
pinning  due  to  the  interlayer  exchange  yS,  i.e.,  d‘-*d‘+2^. 
Thus  we  conclude  that  the  interlayer  coupling  affects  only 
antisymmetric  modes.  This  conclusion  is  in  agreement  with 
the  results  of  Ref.  3.  In  particular,  in  the  case  of  unpinned 
surface  spins  (d'=d^=0)  we  recover  from  Eq.  (6)  all  the 
results  for  transverse  wave  numbers  of  antisymmetric  modes 
obtained  in  Ref.  3.  It  also  follows  from  the  results  of  Refs.  8 
and  9  that  when  d'=d^=0  for  y3>0  we  get  only  real  solu¬ 
tions  for  K  (bulk  modes),  while  for  /3<0  along  with  the  in¬ 
finite  number  of  bulk  solutions  we  obtain  one  (lowest)  sur¬ 
face  solution  with  imaginary  k„  .  By  making  the  replacement 
d'-*d‘+2p,  we  can  apply  all  the  conclusions  of  our  previ¬ 
ous  papers*’^  to  describe  quantitatively  the  SW  dispersion  in 
exchange-coupled  magnetic  double  layers. 

Using  Eqs.  (5)  and  (6)  to  calculate  the  transverse  SW 
wave  numbers  k„  in  a  double  layer  with  exchange  coupling, 
and  the  formalism  developed  in  Ref.  7  for  dipolar  coupling 
of  magnetic  layers  we  can  derive  an  approximate  dispersion 
relation  for  SW  propagating  in  a  magnetic  double  layer  con¬ 
sisting  of  two  identical  magnetic  films  coupled  by  both 
dipole-dipole  and  exchange  interactions.  In  a  particular  case 
of  coupling  of  two  identical  («th)  modes  in  both  films  we  get 
the  following  dispersion  relation  for  a  double  layer: 

iio;f=n„{a,+<o„p„„)±((OMn„pl,l)\  (?) 

where  the  +  sign  corresponds  to  antisymmetric  modes,  the 
-  sign  corresponds  to  symmetric  modes,  <i}nf-47ryMQ,  and 
y  is  the  gyromagnetic  ratio.  n„  =  fl(/c„)  is  the  eigenfre- 
quency  of  the  nth  SW  mode  of  a  single  film  in  the  purely 
exchange  limit  (see  Refs.  7  and  8);  it  depends  on 
(Ofi=  y(He-4'iTMo),  where is  the  external  bias  magnetic 
field.  We  do  not  reproduce  here  the  lengthy  expressions  for 
the  diagonal  Pnn~^nn~Hn  and  off-diagonal  Pj,l  dipole 
matrix  elements  in  coupled  magnetic  films  as  the  procedure 
of  their  analytical  evaluation  is  well  developed  (see,  e.g.. 
Refs.  7  and  8).  We  note  that,  as  the  expressions  for  P„„  and 

depend  on  the  values  of  the  transverse  wave  numbers  k„ 
(and  therefore  on  the  value  of  the  exchange  coupling  coeffi¬ 
cient  yS),  so  does  the  splitting  of  the  spectral  branches.  This 
leads  us  to  the  conclusion  that  the  dipole-dipole  and  ex¬ 
change  splitting  of  the  dispersion  branches  should  not  be 
considered  separately.  Both  types  of  splitting  influence  the 


spectrum  and,  though  interlayer  exchange  mainly  affects  the 
frequencies  of  antisymmetric  SW  modes  near  ^=0  [see  Eq. 
(6)],  it  will  also  significantly  change  the  dipole-dipole  branch 
repulsion  in  the  short-wavelength  (kLt>\)  region. 

III.  BRILLOUIN  UGHT  SCATTERING 

The  Green’s-function  formalism  for  Brillouin  light  scat¬ 
tering  from  multilayered  magnetic  structures  is  well 
established  (see  Ref.  10  and  references  therein)  and  can  be 
considered  as  a  direct  generalization  of  our  earlier  work*’^ 
for  thin  films.  Basically,  the  scattering  cross  section  can 
be  expressed  in  terms  of  a  weighted  summation  over 
magnetization-dependent  Green’s  functions  (('WnkS'^^k)) 
with  fi,v=x,y.  The  weighting  factors  depend  on  the  tempera¬ 
ture,  magneto-optical  coupling,  electric  field  polarizations, 
scattering  geometry,  and  the  optical  transmission  coefficients 
at  the  various  surfaces  and  interfaces.  Hence,  since  the  ap¬ 
propriate  Green’s  functions  have  been  calculated  from  the 
formalism  described  earlier,  it  is  straightforward  in  principle 
to  determine  the  light-scattering  intensities  associated  with 
the  various  SW  modes.  In  the  general  case  it  is  necessary  to 
take  account  of  the  various  internal  multiple  reflections  of 
the  incident  and  scattered  light  at  the  surfaces  and  interfaces 
of  the  sample.  In  the  present  paper  we  avoid  this  difficulty  by 
restricting  attention  to  the  case  when  the  optical  penetration 
depth  of  the  light  in  the  sample  is  smaller  than  L  (e.g.,  as 
would  be  typically  in  the  case  of  Fe  films),  thereby  making 
the  multiple  reflection  effects  negligible. 

IV.  DISCUSSION  OP  NUMERICAL  RESULTS 

We  are  interested  here  in  surface  SW  modes  of  a  double 
layer  that  correspond  to  the  solutions  of  Eqs.  (5)-(7)  for 
imaginary  k„  .  The  numerical  analysis  shows,  that,  depending 
on  the  values  of  d',  d\  and  yS,  there  exist  two,  one,  or  no 
such  solutions.  When  both  of  the  effective  pinning  param¬ 
eters  d'  and  d*  are  negative  and  sufficiently  large,  there  are 
two  imaginary  solutions  for  k„  ,  while  for  non-negative  val¬ 
ues  of  one  of  these  parameters  a  single  solution  exists  only  if 
the  second  parameter  is  negative.  The  same  kind  of  analysis 
can  be  applied  to  the  dependence  of  the  k  values  on  the 
exchange  coupling  coefficient  y3.  As  the  symmetric  modes 
are  not  affected  by  the  interlayer  exchange,  the  k„  values  for 
the  symmetric  modes  remain  the  same  for  all  values  of  yS. 
Contrary  to  that,  for  the  antisymmetric  modes  the  effective 
interface  pinning  changes  with  y8  and  so  do  the  k„  values. 

We  calculated  the  dependence  of  the  imaginary  trans¬ 
verse  wave  numbers  (corresponding  to  surface  SW  modes) 
on  the  interlayer  exchange  parameter  y8  for  the  system  Fe/ 
spacer/Fe.  We  used  the  following  set  of  parameters:*  ex¬ 
change  parameter*’^  a=A/(27rAfo)=1.15X10“*^  cm"',  film 
thickness  Z,= 200  A,  AttMq=2\  kG,  the  external  bias  mag¬ 
netic  field  Hg=22.5  kOe,  and  the  pinning  parameters 
d^=d'=d=KJA  =  -\XlQ^  cm“*.  The  values  of  yS  were 
taken  to  vary  from  -5X10^  to  1X10*  cm~*.  The  re.sults  are 
presented  in  Fig.  1.  For  the  giver,  set  of  parameters  there 
exist  one  surface  branch  for  the  symmetric  mode  (horizontal 
line  A)  and  two  surface  branches  for  the  antisymmetric  mode 
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FIG.  1.  The  dependencies  of  imaginary  perpendicular  SW  wave  numbers  on 
the  interlayer  exchange  coefficient  P  for  the  Fe/spacer/Fe  structure  (see  text 
for  the  parameters  and  details). 


(curves  B  and  C).  Curve  C  ends  at  the  point  y3=0,  where  the 
corresponding  branch  of  the  SW  spectrum  meets  the  bulk 
continuum. 

The  existence  of  the  imaginary  solutions  for  /f„ ,  how¬ 
ever,  does  not  guarantee  the  existence  of  the  conesponding 
branches  in  the  SW  spectrum.  This  becomes  clear  from 
the  analysis  of  the  dispersion  equation  (7).  The  dipole  ma¬ 
trix  elements  are  always  positive.  However,  the  sign  of 
the  depends  on  the  values  of  |k|  and  k^,  sometimes  be- 


FIG.  2.  The  dependencies  of  surface  SW  frequencies  on  the  interlayer  ex¬ 
change  coefficient  ^  for  the  Fe/spacer/Fe  structure  (see  text  for  the  param¬ 
eters  and  details). 
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FIG.  3.  The  dependencies  of  the  integrated  intensities  of  Brillouin  light 
scattering  from  the  surface  SW  on  the  interlayer  exchange  coefficient  /8  for 
the  Fe/spacer/Fe  structure  (see  text  for  the  parameters  and  details). 

coming  negative.  In  this  case  if  are  sufficiently  large,  the 
right-hand  side  of  Eq.  (7)  becomes  negative. 

The  above  conclusions  are  confirmed  by  the  results  of 
our  calculations  of  the  SW  spectrum  and  the  integrated  in¬ 
tensities  of  the  light  scattering  from  the  system  Fe/spacer/Fe 
for  the  given  values  of  the  parameters.  We  used  the  same 
180®  backscattering  geometry  as  previously,*’^  taking  the 
complex  refractive  index  77=2.72+2. 86i,  incident  light 
wavelength  \=488  nm,  and  the  scattering  angle  &=tt/4. 
This  provides  for  the  in-plane  wave  number  of  the  SW  to  be 
|k|sl.8X10^  cm~'.  In  Fig.  2  we  display  the  dependencies  of 
the  surface  modes  frequencies  on  /3.  It  can  be  seen  that 
though  the  imaginary  k  for  symmetric  mode  exists,  there  is 
no  corresponding  branch  in  the  SW  spectrum.  As  well, 
branch  C  in  Fig.  2,  corresponding  to  curve  C  in  Fig.  1,  ap¬ 
pears  only  when  the  p  values  are  in  the  interval  from  about 
-3.6X10^  to  0  cm”'.  In  the  same  way,  branch  B  ceases  to 
exist  when  )3^-0.5X10^  cm”'  while  the  corresponding  k 
dependence  (curve  B  in  Fig.  1)  still  shows  the  existence  of 
the  solution.  Basically  the  same  characteristic  features  can  be 
seen  in  Fig.  3,  where  the  integrated  intensities  of  the  Bril¬ 
louin  light  scattering  are  depicted. 
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In  our  previous  work,  it  was  shown  that  in  antiferromagnetically  coupled  multilayered  films  there  is 
the  possibility  of  the  appearance  of  both  Bloch-type  walls  and  Neel-type  walls  at  the  center  of  which 
the  magnetizations  point  parallel  (PB,PN)  or  antiparallel  (AB,AN)  to  each  other  between  the 
adjacent  layers  when  a  high  field  is  applied  in  one  direction  and  then  removed.  Here  it  is  shown  that 
the  shift  of  the  walls  in  each  layer  from  their  vertical  alignment  will  give  substantially  lower  energy 
for  the  AB  walls  and  for  the  PN  walls,  giving  rise  to  self-stabilization,  and  that  the  effect  is  greater 
for  the  latter  than  the  former  for  [Co/Cu]^  systems  with  the  thickness  ratio  tcJtca=2.  This  will 
result  in  a  greater  possibility  of  the  PN  walls  formation  than  was  expected  in  the  previous  work.  In 
the  region  where  the  number  of  layers  and  the  coupling  field  are  of  practical  interest,  Neel  walls  are 
favored,  and  AN  walls  have  lower  energy  than  PN  walls.  In  this  case,  it  is  likely  that  the  transition 
of  the  wall  types  from  PN  to  AN  and  vice  versa  will  occur  during  the  magnetization  process,  which 
will  cause  noise  in  sensor  applications. 


INTRODUCTION 

The  giant  magnetoresistance  effect  in  antiferromagneti¬ 
cally  coupled  multilayered  films  has  raised  great  interest 
both  from  the  viewpoint  of  physics  and  from  the  viewpoint 
of  its  applications  to  magnetic  sensors,  such  as  read  heads  in 
magnetic  recording.  Domain  wall  behavior  is  one  of  several 
important  properties  that  should  be  investigated  thoroughly, 
especially  for  applications.  Although  there  have  been  exten¬ 
sive  studies  on  domain  walls  in  multilayered  films,  they  were 
mostly  on  ferromagnetically  and/or  magnetostatically 
coupled  films  (see,  for  instance,  the  first  reference').  Our 
previous  work^  showed  that  in  antiferromagnetically  coupled 
multilayered  films,  such  as  [Co/Cu]/^  films,  when  a  high  field 
is  applied  in  one  direction  and  then  removed,  both  parallel 
and  antiparallel  magnetization  configurations  with  respect  to 
the  magnetization  direction  at  the  center  of  the  walls  of  ad¬ 
jacent  layers  will  become  stable,  both  for  Bloch-type  and  for 
Neel-type  walls,  depending  on  the  film  geometry  and  the 
strength  of  antiferromagnetic  exchange  coupling  between  the 
layers.  In  this  paper  we  report  on  the  effect  of  the  shift  of  the 
walls  from  their  vertical  alignment  on  the  wall  energy,  which 
reveals  that  the  formation  of  parallel  Neel  (PN)  walls  is  more 
favored  by  the  shift  than  parallel  Bloch  (PB)  and  antiparallel 
Bloch  (AB)  walls  for  some  cases  of  multilayered  films  of 
interest.  A  probable  occurrence  of  the  transition  from  PN  to 
AN  (antiparallel  Neel)  walls  and  vice  versa  during  the  mag¬ 
netization  processes  will  also  be  discussed. 

DOMAIN  WALL  MODELS 

Figure  1  illustrates  the  magnetization  configurations  in 
parallel  (PB)  and  antiparallel  (AB)  Bloch  walls  and  parallel 
(PN)  and  antiparallel  (AN)  Neel  walls  when  no  external  field 
is  applied.  It  is  evident  that  for  AB  walls  and  PN  walls,  a 
shift  of  the  center  of  the  domain  walls  with  respect  to  that  of 
the  adjacent  layers,  as  shown  in  the  figure,  gives  lower  en¬ 
ergy  through  the  reduction  in  magnetostatic  energy,  while  for 
PB  walls  and  AN  walls,  it  will  not.  The  shift  will  make  a 
zig-zag  configuration  for  AB  walls,  while,  for  PN  walls,  it 
will  result  in  a  step-type  configuration,  because  the  magne¬ 
tostatic  interaction  between  the  next  nearest  neighbors  is  at¬ 


tractive  for  the  AB  walls,  while  that  for  PN  walls  is 
repulsive. 

DOMAIN  WALL  SHIFT 

For  simplicity,  it  is  assumed  that  the  magnetization  di¬ 
rection  in  the  wall  changes  linearly  in  the  width  direction,  x, 
in  a  way,  as  given  by 

(f>='iTxlS  and  -ttxIS,  for  parallel  walls,  (la) 

(j)=TTxlS  and  for  antiparallel  walls.  (lb) 

Here,  the  origin  of  the  x  axis  is  set  at  the  center  of  each  wall, 
S  denotes  the  wall  width,  and  the  former  and  the  latter  for¬ 
mulas  in  each  equation  correspond  to  the  magnetization  di¬ 
rection  of  the  odd  and  even  numbered  layers  from  the  bot¬ 
tom,  respectively. 

The  wall  energy  per  unit  area  a  is  expressed  as  a  sum  of 
the  exchange  energy  ,  anisotropy  energy  cr^ ,  antiferro¬ 
magnetic  coupling  energy  ,  and  magnetostatic  energy 
as 

cr=o-4  +  crt+o-AF+<^s-  (2) 
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FIG.  1.  Magnetization  configurations  in  parallel  and  antiparallel  Bloch  walls 
and  parallel  and  antiparallel  Neel  walls. 
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Among  the  above  four  energies,  oxf,  as  well  as  varies 
explicitly  with  the  amount  of  the  shift  A,  while  the  other  two 
vary  implicitly  through  the  change  of  the  wall  width  <7. 

The  antifenomagnetic  coupling  energy  is  expressed 
as 

//^Af^/2+A 

o-AF=|— jj  (1+cos  A<^)dx,  (3) 


where,  4  is  the  saturation  magnetization,  is  the  effective 
antiferromagnetic  coupling  field,  and  A^  is  the  difference  of 
the  angle  of  the  magnetization  between  the  adjacent  mag¬ 
netic  layers.  Therefore,  by  using  (la)  and  (lb),  we  obtain,  for 
both  AB  walls  and  PN  walls, 

(7^=  ( W4)[(  ,5+ A)  -  (5- A)cos(7rA/<5) 


-(25/7r)sin(7rA/<5)],  for  A^5,  (4a) 

=/^,A/2,  for  A>5,  (4b) 


and 


(S+A)- 


=I^s^/2,  for  A^S, 


(5a) 

(5b) 


respectively. 

On  the  other  hand,  the  calculation  of  the  magnetostatic 
energies  for  AB  walls  and  PN  walls,  and  o-j™,  are 
canied  out  according  to  the  method  described  in  the  previous 
paper.^  The  results  are  as  follows: 


«5'\  . 


7r 


iL(A:„„+n+L(A'„,-r)w, 


L{X)  =  \og{{Bl„+X^mB„„  +  lf+X^] 
X[{B„„-1)^+X^]}, 

Bmn  =  in-m){l+d'),  d'  =  dlt, 


(6) 

(7) 

(8) 


Ws(kOe)  Ws(kOe) 

FIG.  2.  Domain  wall  width  and  the  amount  of  the  wall  shift  at  the  equilib¬ 
rium  state  estimated  for  [2  nm  Co/1  nm  Cu]y  multilayered  films,  (a)  parallel 
Neel  walls  (PN);  (b)  antiparallel  Bloch  walls  (AB). 


A'„„=A'  =  Alt,  for  (n-ffi):odd. 


=0,  for  (/i-m);even. 


o-/N= 


TTl^t 

4N 


+  ^']F[(n-m)A'  +  ^']-[(n-m)A'-^'] 

XF[{n-m)A'-n}d^'-  (9) 

The  formulations  for  the  other  energies  are  the  same  as  in  the 
previous  paper.^ 

The  magnetostatic  energy  shown  above  decreases  with 
increasing  shift  A  almost  monotonically,  while  the  antiferro¬ 
magnetic  coupling  energy  increases  quadratically  at  the  be¬ 
ginning  and  linearly  in  the  end.  Therefore,  at  some  point  an 
equilibrium  is  attained. 


CALCULATION  OF  THE  EFFECT  OF  THE  WALL  SHIFT 
ON  THE  WALL  ENERGY  OF  [Co/Cu]n 
MULTILAYERED  FILMS 

Numerical  calculations  were  performed  for  [Co/GuJ^r 
multilayered  films  having  the  thickness  ratio  tQjtQ^=2,  us¬ 
ing  the  formulas  derived  above.  For  the  calculations,  the 
saturation  magnetization  /j  and  the  exchange  constant  A  of 
the  cobalt  were  assumed  to  be  1.45X10^  emu/cm^  and 
1.3X10~®  erg/cm,  respectively,  and  the  uniaxial  anisotropy 
was  assumed  to  be  negligible  compared  to  the  effective  field 

of  the  antiferromagnetic  exchange  coupling. 

Figures  2(a)  and  2(b)  show  how  the  wall  shift  at  the 
equilibrium  state  A*  depends  on  H,  for  PN  walls  and  AB 
walls  in  [Co/Cu]jv  films  (A=4, 16),  respectively.  It  is  noticed 
that  with  the  increase  in  //j ,  A*  decreases  rapidly.  The  fig¬ 
ures  also  show  how  the  wall  width  S  changes  with  .  For 
weak  f/j ,  A*  is  seen  to  approach  the  wall  width. 

Figure  3  shows  the  wall  energy  dependence  on  for 
PB,  AB,  and  PN  walls  with  the  number  of  Co  layers,  N,  as  a 
parameter.  The  case  of  AN  walls  is  discussed  in  the  next 
section.  Figure  4  illustrates  the  critical  field  at  which  the  wall 
type  changes  from  one  to  another  as  a  function  of  N.  For 
comparison,  the  critical  curves  obtained  without  taking  into 
account  the  effect  of  the  wall  shift  are  also  shown  by  dotted 
lines.  It  is  seen  that  the  wall  shift  favors  PN  walls  more  than 
AB  walls  and  that  the  area  in  which  PN  walls  are  stable  is 
substantially  expanded  by  the  shift  effect. 


DISCUSSION 

As  is  evident  from  the  results  described  above,  PN  walls 
will  be  the  most  likely  walls  to  appear  among  the  three  PB, 
AB,  and  PN  walls,  especially  for  the  multilayered  films  for 
practical  applications  such  as  read  heads  for  magnetic  re¬ 
cording,  where  weak  antiferromagnetic  coupling  is  required 
in  order  to  obtain  high  field  sensitivity.  Of  course,  AN  walls 
should  have  lower  energy  than  PN  walls  when  no  external 
field  is  applied.  However,  during  the  magnetization  process 
after  the  multidomain  splitting  from  the  saturated  state,  there 
is  a  possibility  of  forming  PN  walls  before  they  turn  into  AkN 
walls.  Figure  5  shows  PN  and  AN  wall  energies  calculated  as 
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Hs  (kOe) 

FIG.  3.  Wall  energy  vs  antiferroraagnetic  coupling  field  curves  for  parallel 
and  antiparallel  Bloch  walls  (PB  and  AB)  and  for  antiparallel  Neel  walls 
(AN)  in  [2  nm  Co/1  nm  Cul^  multilayered  films  obtained  by  calculation. 

a  function  of  the  applied  field  in  the  hard  direction.  The 
calculation  was  performed  almost  the  same  way  as  above, 
the  detail  of  which  will  be  presented  elsewhere.  Here,  the 
film  is  assumed  to  be  of  the  form  [2  nmCo/1  nmCu]4  with  an 
anisotropy  field  and  an  effective  antifenomagnetic  coupling 
field  of  20  Oe.  It  is  seen  that  at  the  applied  field  of  about  10 
Oe,  the  two  curves  cross  each  other.  TTierefore,  in  this  case, 
the  type  of  walls  will  transfer  fi'om  PN  to  AN,  and  vice  versa, 
during  the  ascending  and  descending  processes.  The  transi- 


FIG.  4.  Critical  coupling  fields  for  transition  of  the  types  of  wall  as  a 
function  of  the  number  of  layers  of  [2  nm  Cb/1  nm  Cu],^.  Dotted  lines  arc 
for  the  case  where  no  wall  shift  is  taken  into  consideration. 


FIG.  5.  PN  and  AN  wall  energies  as  a  function  of  applied  field  calculated 
for  [2  nmCo/1  nmCulj  multilayered  films.  Anisotropy  field  and  the  ef¬ 
fective  antiferromagnetic  coupling  field  are  assumed  to  be  20  Oe.  PN(+) 
and  PN(-)  denote  the  PN  walls  magnetization  at  the  centei  of  which  pos¬ 
sess  +  or  -  polalities,  respectively. 

lions  will  occur  as  indicated  by  the  arrows  in  the  figure, 
because  some  coercivity  is  likely  to  exist  for  the  transition, 
and  this  will  give  rise  to  noise  when  such  a  film  is  applied  to 
sensor  devices. 

CONCLUSION 

It  was  confirmed  by  energy  estimation  that,  in  antiferro- 
magnetically  coupled  multilayered  films,  the  shift  of  the  cen¬ 
ter  of  the  walls  of  the  adjacent  layers  with  respect  to  each 
other  reduces  their  magnetostatic  energy  substantially  for  PB 
and  AN  walls,  resulting  in  self-stabilization.  This  effect  is 
especially  prominent  when  the  coupling  energy  is  small,  be¬ 
cause  the  smaller  the  coupling  energy,  the  more  shift  is  al¬ 
lowed.  It  was  .ilso  confirmed  that  for  [Co/Cu]/,,  films  with  the 
thickness  ratio  fco/fcu"2,  this  effect  favors  PN  walls  more 
than  AB  walls,  leading  to  more  of  a  likelihood  of  the  PN 
walls’  appearance  than  PB  or  AB  walls.  As  AN  walls  have 
lower  energy  than  PN  walls  when  no  field  is  applied,  it  may 
be  likely  that  a  transition  from  PN  to  AN  and  vice  versa  will 
occur  during  the  magnetization  process. 
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A  short  period  oscillation  was  observed  in  the  interlayer  exchange  coupling  of  sputtered  Co-Re 
superlattices,  superimposed  on  a  long  period  oscillation.  This  effect  is  observed  on  hcp-textured 
samples  with  the  c  axis  perpendicular  to  the  plane  of  the  film.  The  variation  of  the  exchange 
coupling  strength  with  the  spacer  thickness  can  be  described  using  the  Bruno  and  Chappert  theory 
with  two  oscillatory  terms,  with  periods  of  2.9±0.2  and  10.2±0.2  A.  Both  magnetization  and 
magnetoresistance  measurements  reflect  the  influence  of  this  multiperiodic  exchange. 


After  the  discovery  of  antiferromagnetic  (AF)  exchange 
coupling  between  ferromagnetic  transition-metal  layers 
across  metallic  spacers'  and  the  subsequent  discovery  of  its 
oscillatory  behavior  as  a  function  of  the  interlayer  thickness,^ 
many  important  details  of  this  interaction  have  been  re¬ 
ported. 

Large  oscillation  periods  were  found  initially  (10-20  A) 
for  most  transition-metal  and  noble-metal  spacers.^  More  ac¬ 
curate  measurements  of  the  interlayer  coupling  on  molecular 
beam  epitaxy  (MBE)-prepared  samples  with  very  good  epi¬ 
taxial  growth'  have  shown  the  presence  of  additional  oscilla¬ 
tions  with  a  short  period,  down  to  2  to  3  monolayers 
(ML).'*"*  The  modified  Ruderman-Kittel-Kasuya-Yosida 
theory  proposed  by  Bruno  and  Chappert^'®  provides  an  ex¬ 
planation  for  the  occurrence  of  these  multiperiodic  oscilla¬ 
tions.  In  their  approach,  in  which  the  discreteness  of  the 
spacer  is  taken  into  account,  the  coupling  is  related  to  the 
topological  properties  of  the  Fermi  surface  of  the  spacer  ma¬ 
terial.  Quantitative  predictions  for  the  oscillation  periods  and 
relative  strength  in  the  case  of  noble-metal  spacers  could  be 
obtained  and  were  compared  with  experimental  values.  Good 
agreement  was  obtained  for  several  epitaxially  grown  sys¬ 
tems  such  as  (001)  Fe/Au/Fe  or  (001)  Co/Cu/Co.  The  influ¬ 
ence  of  structural  imperfections  on  the  coupling  strength  was 
ob.served  experimentally,  and  an  increase  in  interface  rough¬ 
ness  was  shown  to  be  detrimental  for  the  observance  of  short 
period  oscillations.®  'Tiis  explains  why  sputtered  systems, 
probably  due  to  their  less  perfect  interfaces,  did  not  show 
until  now  evidence  of  short  period  oscillations. 

In  the  present  study  we  report  the  observation  of  a  mul¬ 
tiperiodic  oscillation  of  the  interlayer  exchange  coupling  on 
sputtered  Co-Re  superlattices  (SL).  In  a  previous  study  we 
have  shown  that  high-quality  Co-Re  SI  ’j  can  be  prepared, 
depending  on  the  substrate,  buffer  tliickness,  and  deposition 
conditions.*®  Rutherford  backscattering  analysis  indicated 
that  chtmtcul  mixing  or  surface  topography  occurred  within 
2.5  A  of  each  side  of  the  interface.'®"  Anisotropic  magne¬ 
toresistance  (AMR)  measurements  confirm  up  to  15%  Re 
mixed  into  the  Co  layer,  leading  to  negative  AMR,  charac¬ 
teristic  of  virtual  bound-state  impurities  such  as  Re,  Ru,  and 
Ir,  in  a  Co  matrix.'^ 


We  decided  to  perform  a  detailed  study  of  the  coupling 
dependence  on  the  Re  spacer  thickness  on  these  high-quality 
samples  in  order  to  determine  if  any  fine  structure  in  the 
coupling  could  be  detected,  apart  from  the  well-known  long 
period  oscillation.^’*^ 

Co-Re  SL’s  were  grown  in  a  automated,  load-locked, 
high-vacuum  magnetron  sputtering  system  (Nordiko  2000). 
The  base  pressure  before  deposition  is  2X 10“®  Torn  Ar  pres¬ 
sure  during  deposition  was  maintained  at  5  mTorr.  Samples 
were  deposited  onto  water-cooled  substrate  holders.  The  Co 
was  deposited  by  dc  magnetron  sputtering  at  a  rate  of  1.9  A/s 
while  Re  was  deposited  at  rates  of  0.6  A/s.  Care  was  taken  in 
order  to  have  a  ±0.25-s  precision  control  on  deposition 
times,  thus  leading  to  an  uncertainty  of  ±0.15  A  on  the  Re 
thickness.  We  should  stress,  however,  that  these  are  only 
average  values.  Transmission  electron  microscopy  (TEM) 
pictures  of  sputtered  SL’s  show  that  1-  or  2- A  local  varia¬ 
tions  in  the  thickness  of  the  spacer  layers  are  possible.  Co 
and  Re  deposition  rates  were  calibrated  by  Rutherford  back- 
scattering  spectrometry  (RBS)  and  profilometer  analysis.  The 
individual  Re  and  Co  thickness  of  specially  prepared  multi¬ 
layers  was  directly  cross-checked  by  RBS. 

We  have  analyzed  a  set  of  samples  with  the  following 
structure:  glass/Rcjoo  a/[Coi7  A/Re,|^.]xi6.  where  tf^^  var¬ 
ies  from  2.5  to  1 9  A  by  0.3-A  steps.  Magnetic  characteriza¬ 
tion  was  performed  at  room  temperature  using  a  vibrating 
sample  magnetometer  (VSM),  with  a  resolution  of  5X10“® 
emu.  A  superconducting  quantum-interference  device 
(SQUID)  setup  was  used  to  perform  the  magnetization  mea¬ 
surements  at  20  K.  Both  substrate  and  sample  holder  contri¬ 
butions  to  the  total  magnetization  were  removed.  Transport 
measurements  were  done  at  room  temperature  using  the  stan¬ 
dard  dc  four-probe  technique  with  the  current  flowing  in  the 
plane  of  the  structure  and  perpendicular  to  the  external  ap¬ 
plied  field. 

Room-temperature  magnetization  results  for  a  set  of 
[Coj7  a/R%Jxi6  SL’s  are  shown  in  Figs.  1  and  2.  Figures 
1(a)  and  1(b)  show  magnetization  hysteresis  loops  for 
samples  in  the  two  main  antiferromagnetic  peaks  (tRe=5  A 
and  /Re=16  A).  For  Re  thicknesses  between  9.5  and  12.5  A 
ferromagnetic  coupling  occurs.  Figure  1(d)  shows  magneti- 
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FIG.  1.  Room-temperature  magnetization  hysteresis  cycles  at  different  Re 
spacer  thicknesses,  (a)  and  (b)  correspond  to  antiferromagnetic  coupling  at 
tfic=5  and  16  A.  (c)  shows  a  ferromagnetically  coupled  sample,  (d)  shows 
magnetization  curves  for  Re  thicknesses  of  7.2,  7.S,  and  7.8  A.  Notice  the 
peak  in  the  saturation  field  at  A. 


zation  data  obtaintd  in  the  region  of  the  nanow  peak  at 

rRj=7.5  A. 

In  order  to  evaluate  J(tnc)  as  a  function  of  the  spacer 
thickness,  we  measured  the  saturation  field  Hs  magne¬ 
tization  curves  taken  at  room  temperature  and  at  20  K.  Hg 
was  defined  as  the  field  needed  to  reach  90%  of  the  saura- 
tion  magnetization.  The  saturation  field  and  the  total  cou¬ 
pling  are  related  by^ 

(1) 

where  Mg  is  the  ferromagnetic  layer  magnetization  and  fco 
its  thickness.  In  Figs.  2  and  3  we  plot  the  dependence  of  Hg 
on  the  Re  thickness  at  room  temperature  and  at  20  K,  respec¬ 
tively.  Notice  the  fine  structure  observed  around  fRe=7.5  A 
and  near  the  second  antifenomagnetic  peak.  Consider  first 
the  peak  at  fRe=7.5  A.  It  could  arise  due  to  a  thickness- 
dependent  anisotropy  on  top  of  the  antiferromagnetic  ex¬ 
change.  However,  careful  magnetization  measurements  in 
this  region  show  no  evidence  of  in-plane  anisotropy  on  any 
of  the  antiferromagnetic  coupled  samples.  Furthermore,  as 
we  will  see  later,  the  magnetoresistance  also  shows  a  maxi¬ 
mum  in  this  region,  corresponding  to  a  better  defined  anti¬ 
parallel  alignment  between  the  Co  layers  due  to  stronger  an¬ 
tiferromagnetic  exchange  coupling. 

We  will  then  analyze  our  data  for  the  exchange  constant 
in  terms  of  a  long  period  oscillation,  by  now  well  known  in 


FIG.  2.  Saturation  field  vs  Re  spacer  thickness  (rnJ  for  the  Co-Re  SL’s 
under  study  (300  K).  The  two  major  peaks  observed  at  /Re=5.5  and  16.5  A 
correspond  to  the  long  period  oscillation.  The  narrow  and  sharp  peak  ob¬ 
served  at  rRe=7.5  A,  as  well  as  the  peaks  at  13.5  and  16.5  A,  conesponds  to 
a  short  period  oscillation  of  the  coupling  constant  with  a  periodicity  of 
~3  A. 


Co-Re  SUs,^’*^  Ai*=«10  A,  and  a  small  period  oscillation, 
A2'«3  a,  that  will  be  responsible  for  the  extra  peaks  ob¬ 
served.  We  then  write  J(fRe)=.fi(tRe,Ai)+72(fRe.A2)' 

The  long  period  component  is  responsible  for  the  anti¬ 
ferromagnetic  peaks  observed  at  5.5  and  16.5  A,  and  the 
short  period  component  is  responsible  for  those  observed  at 
7.5, 13.5,  and  also  at  16.5  A. 

From  the  theory  of  Bruno  and  Chappert,  the  dependence 
of  /(fRe)  on  the  interlayer  thickness  is  given  by: 

=  S  (fl<,sin(9a'Rc+0a) 

X{[hJL,iT)]/smh[tJL,(Tm  (2) 

where  Jo  ts  a  constant,  the  a  a  are  weight  factors,  and  1(7)  is 
an  attenuation  length  inversely  proportional  to  the  tempera¬ 
ture.  The  q„  are  extremal  spanning  vectors  of  the  Re  Fermi 
surface,  parallel  to  the  growth  direction  of  the  system.  The 
4>a  are  phase  shifts  related  to  the  topology  of  the  Fermi  sur¬ 
face. 

Using  this  theory  we  have  performed  a  fit  to  the  experi¬ 
mental  data  shown  in  Figs.  2  and  3.  For  the  room- 
temperature  data,  the  results  of  this  fit  are  shown  in  Fig.  4. 
The  solid  line  was  obtained  using  a  two-period  model  (a 


FIG.  3.  Same  as  Fig.  2  but  obtained  at  20  K  with  a  SQUID  setup.  Again,  a 
multiperiodic  oscillation  can  be  observed. 
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FIG.  4.  Theoretical  prediction  for  the  exchange  coupling  constant  variation 
with  Re  spacer  thickness  (rRj),  at  room  temperature,  using  Bruno  and  Chap- 
pert’s  theory.  The  dashed  line  corresponds  to  the  long  period  oscillation 
only,  while  the  solid  line  assumes  two  periods  of  10.2±0.2  and  2.9±0.2  A, 
respectively.  Notice  the  good  agreement  between  the  experimental  data  and 
the  theoretical  fit.. 


=1,2)  with  (f>i=Tr/6,  and  shows  a  long 

period  oscillation,  Aj=27r/9j=10.2±0.2  A,  and  a  short  pe¬ 
riod  oscillation,  A.2=2'7Tlq2=2.9±0.2  A.  The  main 
temperature-dependent  parameter  is  LJJ),  which  is  5-6 
times  larger  at  low  temperature  than  at  room  temperature.  We 
find  ii(300  K)=4.75  A  and  12(300  K)=6  A.  The  fit  is  in 
good  agreement  with  the  experimental  data.  The  dashed  line 
in  Fig.  4  was  obtained  taking  into  account  only  the  long 
period  interaction  {ct- 1).  Notice  that  from  our  magnetization 
data  we  can  only  measure  the  coupling  constant  for  AF 
coupled  layers  [7(<Re)<0]. 

The  Bruno  and  Chappert  model  states  that  experimen¬ 
tally  measured  periods  are  equal  to  27r/|q„|.  However,  due  to 
the  discreteness  of  the  spacer  thickness,  only  vectors  q„  for 
which  |qj«7r/d  are  relevant  {d  is  the  distance  between  lat¬ 
tice  planes  of  the  interlayer  material).  As  a  consequence  the 
periods  are  expected  to  be  at  least  2  ML.  Our  Co-Re  samples 
are  mainly  hep  with  the  (0001)  axis  perpendicular  to  the 
plane  of  the  sample.’'* 

It  is  then  important  to  compare  the  observed  periodicities 
with  the  Fermi  surface  extremal  spanning  vectors  for  the  Re 
spacer.'*  The  main  spanning  vector  found  parallel  to  the 
(0001)  direction  conesponds  to  observed  long  period  oscil¬ 
lation.  No  shorter  periods  are  predicted  for  this 
direction.'*  On  the  other  hand,  shorter  period  oscillations 
(A’’«3-6  A)  are  predicted  for  spanning  vectors  parallel  to  the 
(1120)  and  (1100)  directions.  In  the  particular  case  of  the 
(1120)  direction  (2  ML=2.76  A)  a  short  period  oscillation  of 
'«3  A  is  predicted.'*  The  observed  short  period  oscillation  in 
our  (0001)  textured  samples  could  then  be  associated  with  a 
small  fraction  of  crystallites  grown  with  the  (1120)  axis  par¬ 
allel  to  the  growth  direction.  This  hypothesis  will  have  to  be 
checked  by  growth  of  the  appropriate  single  crystal  films. 

Figure  5  shows  the  room-temperature  magnetoresistance 
(MR)  for  the  set  of  samples  used  before,  with  Ir*  varying 
from  3  to  9.5  A.  We  define  Ap/p=(p/,=o~P//=//p/P//=o> 
where  p//=o  and  Ph=Hs  resistivities  measured  at  zero 


FIG.  5.  Magnetoresistance  vs  Re  thickness  (tRc)  for  Q)-Re  SL’s  with  /r^ 
ranging  from  3  to  9.5  A.  The  magetoresistance  closely  follows  the  exchange 
coupling  constant  dependence  on  Re  thickness,  being  larger  at  Re  thick¬ 
nesses  where  the  exchange  is  strongest,  therefore  leading  to  well-defined 
antiparallel  Co  layers. 

field  and  after  magnetic  saturation.  Notice  the  sharp  peak  in 
the  MR  at  5  A  of  Re,  followed  by  a  fast  decrease,  and  " 
leveling  between  6  and  8  A  of  Re.  This  leveling  of  the 
value  in  a  region  where  the  coupling  constant  shows  a  peak 
can  be  understood  by  remembering  that  an  extra  damping 
factor,  exp(-rRj/\),  where  X  is  a  quantity  related  to  the  elec¬ 
tron  mean  free  path  in  the  ML,  affects  the  magnetoresistance 
due  to  the  interfacial  nature  of  spin-dependent  scattering  in 
Co-Re  superlattices.'^  This  damping  factor  balances  the  in¬ 
crease  in  MR  due  to  better  antiparallel  alignment  as  the  cou¬ 
pling  constant  gets  stronger. 
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Hot  electron  spin-valve  effect  in  coupled  magnetic  layers 
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SEMPA  observations  of  magnetic  exchange  coupling  in  the  Fe/Ag/Fe,  Fe/Au/Fe,  and  Fe/Cr/Fe 
systems  reveal  an  Intensity  variation  in  the  emitted  secondary  electron  signal  that  depends  only  on 
whether  the  Fe  layers  are  coupled  in  a  ferromagnetic  or  antiferromagnetic  sense.  We  ascribe  this 
new  effect  to  spin  dependence  in  the  transport  of  electrons  between  the  two  magnetic  layers. 


INTRODUCTION 

The  phenomena  of  exchange  coupling  of  ferromagnetic 
layers  and  the  related  giant  magnetoresistance  effect  (GMR) 
have  been  the  subject  of  extensive  recent  research,’  owing,  in 
part,  to  the  potential  such  effects  have  for  application  in  a 
new  class  of  devices  called  spin  valves.^  The  GMR  effect 
depends  upon  a  difference  in  the  spin-dependent  transport  of 
Fermi  energy  electrons  between  two  or  more  ferromagnetic 
layers  that  are  aligned  either  ferromagnetically  or  antiferro- 
magnetically  with  each  other.  We  have  discovered  a  similar 
effect,  an  alignment-dependent  variation  in  the  emission  of 
secondary  electrons,  in  Fe/Ag/Fe,  Fe/Au/Fe,  and  Fe/Cr/Fe 
sandwiches.  We  ascribe  this  new  effect  to  spin-dependent 
transport  of  much  higher  energy  electrons,  i.e.,  hot  electrons 
with  energies  of  5-15  eV  with  respect  to  the  Fermi  level. 

In  a  series  of  measurements,  we  have  applied  the  tech¬ 
nique  of  scanning  electron  microscopy  with  polarization 
analysis^  (SEMPA)  to  the  study  of  the  Fe/Cr/Fe,‘*  Fe/Ag/Fe,^ 
and  Fe/Au/Fe®  exchange  coupled  layers.  The  experimental 
arrangement  we  have  used  for  our  SEMPA  studies  of  ex¬ 
change  coupling  in  Fe/Ag/Fe  is  shown  in  Fig.  1.  Although 
we  have  obtained  similar  results  for  the  Fe/Cr/Fe  and 
Fe/Au/Fe  systems,  we  will  illustrate  this  new  effect  in  this 
paper  by  conc/.ntrating  on  measurements  of  the  Fe/Ag/Fe 
.system. 

An  Fe  single  crystal  whisker  is  used  for  the  substrate 
because  of  its  very  high  degree  of  crystalline  perfection  and 
surface  flatness.  A  Ag  film  is  grown  epitaxially  in  the  shape 
of  a  wedge  with  its  thickness  varying  from  0  to  25  ML. 
Finally,  an  Fe  overlayer  is  grown  with  a  uniform  thickness  in 
the  range  of  3-12  ML.  The  domain  structure  of  the  Fe  sub¬ 
strate  is  very  simple;  it  consists  of  two  oppositely  oriented 
domains,  as  shown  in  Fig.  1.  As  a  result  of  the  periodic 
reversal  of  exchange  coupling  as  a  function  of  interlayer 
thickness,  domains  in  the  Fe  overlayer  will  be  oriented  either 
parallel  or  antiparallel  to  the  substrate  domains  depending  on 
the  sign  of  the  coupling,  and  will  form  a  pattern  that  directly 
reflects  the  periodicity  of  the  coupling.  Tlie  SEMPA 
instmment^  can  directly  observe  this  magnetization  pattern 
by  measuring  the  polarization  of  the  secondary  electrons  pro¬ 
duced  by  the  incident  beam  of  a  scanning  electron  micro¬ 
scope.  In  this  way,  very  accurate  determinations  of  the  peri¬ 
ods  of  the  exchange  ajupling  can  be  made  and  used  to  test 
the  prevailing  theory,  in  which  the  oscillations  are  correlated 
with  the  existence  of  nesting  vectors  in  the  Fermi  surface  of 
the  interlayer  material.’’® 

In  general,  in  SEMPA  measurements  the  magnetization 
information  is  carried  by  the  polarization  of  the  secondary 
electrons,  and  is  not  reflected  in  the  secondary  electron  in¬ 


tensity.  However,  measurements  of  sandwich  structures  with 
Fe  whisker  substrates,  Fe  overlayers,  and  Ag,  Cr,  and  Au 
interlayers,  reveal  a  very  interesting  secondary  intensity  sig¬ 
nal,  which  depends  only  on  the  relative  alignment  of  the 
substrate  and  overlayer  magnetization.  We  attribute  this  sig¬ 
nal  to  the  propagation  of  energetic,  or  “hot,”  electrons  from 
the  substrate  experiencing  spin-dependent  interactions  during 
transport.  Following  a  discussion  of  the  specifics  of  the  ex¬ 
perimental  procedure  and  results,  we  discuss  our  model  for 
this  effect. 

EXPERIMENT 

Complete  details  of  the  experimental  procedure  exist 
elsewhere.®’"*  The  Fe(lOO)  single  crystal  whiskers  were 
cleaned  with  standard  procedures,®  and  examined  using 
SEMPA,  reflection  high  energy  electron  diffraction 
(RHEED);  and  scanning  Auger  microscopy.  Under  inspec¬ 
tion  by  scanning  tunneling  microscopy,*®  these  Fe  whisker 
surfaces  are  seen  to  be  extremely  flat  with  single  atom  high 
steps  approximately  every  1  pm.  RHEED  patterns  of  the  Fe 
whiskers  show  a  Laue  arc  of  sharp  spots  after  the  whiskers 
are  cleaned  by  Ar  sputtering  and  annealed  at  800 

The  interlayer  wedge  is  grown  by  evaporating  Ag  at  a 
rate  between  0.07  and  0.8  monolayers/s  while  moving  a  shut¬ 
ter  over  the  surface  of  the  whisker.  Growth  at  substrate  tem¬ 
peratures  between  60  ®C  and  100  ®C  produced  RHEED  pat¬ 
terns  indicative  of  nearly  perfect  layer-by-layer  growth.  The 
observation  of  RHEED  intensity  oscillations  indicated  some¬ 
what  disordered  growth  for  the  first  3-4  layers,  with  much 
better  growth  for  Ag  thicknesses  of  6-30  layers,  followed  by 
increasing  disorder. 


FIG.  1.  Schematic  diagram  of  Fe/Ag/Fe  sandwich  nanostructure  showing 
the  modulation  in  the  sign  of  exchange  coupling  between  Fe  films. 
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FIG,  2.  Top:  Magnetization  image  of  wedge  area.  White  (black)  indicates 
magnetization  to  the  right  (left).  Bottom;  Intensity  image  of  same  region. 
Linear  gray  scale  mapping  with  white  indicating  high  intensity. 


FIG.  3.  Top;  secondary  intensity;  center:  modulation  of  secondary  intensity; 
polarization  envelope  of  0  ML  Fe  secondaries  (long  dashes;  see  the  text); 
bottom;  normalized  magnetization;  RHEED  intensity  oscillations. 


SEMPA  images  from  the  measurement  of  an  Fe/Ag/Fe 
sandwich  structure  are  shown  in  Fig.  2.  T!ie  top  image  is  the 
conventional  SEMPA  magnetization  image,  while  the  bottom 
image  is  the  related  secondary  electron  intensity  image  with 
its  zero  suppressed  to  better  display  the  band-like  intensity 
variations.  Notice  that  while  the  two  domain  substrate  struc¬ 
ture  creates  a  checkerboard  pattern  in  the  magnetization  im¬ 
age,  only  bands  are  seen  in  the  intensity.  The  secondary  in¬ 
tensity  image  data  can  be  reduced  to  a  series  of  curves  by 
computing,  at  each  position  along  the  wedge,  i.e.,  each  inter¬ 
layer  thickness,  the  secondary  intensity  averaged  over  the 
width  of  the  wedge.  The  SEMPA  magnetization  image  data 
is  similarly  reduced  to  curves,  except  the  averaging  is  done 
within  each  of  the  two  substrate  domains  and  symmetry  is 
invoked  to  correct  for  any  instrumental  zero  offset  in  the 
magnetization  measurement.  The  thickness  scale  can  be  de¬ 
termined  very  accurately  by  a  method  similar  to  the  conven¬ 
tional  method  of  monitoring  RHEED  intensity  oscillations 
during  evaporation.  Instead,  the  microscope’s  electron  beam 
is  used  to  generate  a  RHEED  image  from  a  spot  on  the 
wedge  portion  of  the  sample.  The  intensity  of  a  selected 
region  of  this  image  is  used  to  form  a  “RHEED  intensity 
image’’  as  the  incident  beam  scans  the  sample.  The  RHEED 
intensity  image  exhibits  oscillations  in  intensity  with  the  in¬ 
creasing  thickness  of  the  wedge.  When  correlated  with  the 
measured  magnetization  images  by  defect  matching,  the 
RHEED  intensity  image  allows  setting  the  thickness  scale  at 
every  point  of  the  magnetization  or  SEM  intensity  images  to 
within  ±0.1  layers.  The  data  are  summarized  in  Fig.  3, 
where  the  lower  curve  shows  the  measured  RHEED  intensity 
oscillations  for  the  first  20  layers  of  a  wedge. 

The  topmost  curves  of  Fig.  3  present  the  secondary  elec¬ 
tron  intensity  for  Fe  overlayer  thicknesses  of  3,  6,  and  12 
monolayers.  Most  notable  is  the  rise  in  intensity  in  the  3  ML 
Fe  curve  as  a  function  of  Ag  wedge  thickness.  This  is  pre¬ 
sumably  due  to  a  greater  secondary  yield  for  Ag  relative  to 
Fe.  When  the  background  is  subtracted  from  these  curves  by 
estimating  it  with  a  smoothly  varying,  low-order  polynomial, 
a  very  interesting  structure  is  revealed.  These  curves  are  re¬ 
plotted  with  their  smoothly  varying  background  subtracted  in 


the  middle  of  Fig.  3.  The  obvious  modulation  is  presented  as 
a  percentage  of  the  average  intensity  value  at  each  Ag  thick¬ 
ness.  This  modulation  is  seen  for  3,  6,  and  12  ML  Fe  over¬ 
layers,  and  closely  mirrors  the  measured  oscillation  in  the 
Fe/Ag/Fe  interlayer  exchange  coupling.  The  amplitude  of  the 
modulation  is  greatest  for  a  6  ML  Fe  coverage,  and  the 
modulation  amplitude  is  seen  to  decrease  for  all  Fe  thick¬ 
nesses  as  the  Ag  thickness  increases. 

Below  the  intensity  curves  just  discussed,  we  plot  the 
magnetization  measured  in  the  positive  y  direction  along  the 
whisker.  All  magnetization  values  are  shown  normalized  to 
the  observed  magnetization  of  bulk  Fe,  Mq.  There  are  four 
curves  here  corresponding  to  Fe  overlayer  thicknesses  of  0, 
3, 6,  and  12  ML.  The  0  ML  curve  reflects  the  polarization  of 
the  Fe  substrate  as  a  function  of  Ag  thickness,  and  we  see  an 
exponential  falloff  as  the  substrate  polarization  is  attenuated 
by  the  increasing  Ag  interlayer  thickness.  The  other  magne¬ 
tization  curves  display  the  expected^’’  modulation  of  over¬ 
layer  magnetization  from  exchange  coupling.  We  note  that  it 
is  not  until  an  overlayer  thickness  of  12  ML  that  the  full, 
bulk  Fe  magnetization  is  realized. 

The  correspondence  between  the  modulation  in  the  mag¬ 
netization  curves,  with  Ag  thickness,  and  the  modulation  in 
the  intensity  curves,  is  obvious  and  striking.  One  might  be 
led  to  the  conclusion  that  the  direction  of  magnetization  of 
the  Fe  overlayer  somehow  affects  the  number  of  secondary 
electrons  ejected.  However,  the  Fe  whisker  substrate  has  two 
oppositely  directed  domains,  as  shown  in  Fig.  1,  so  the  Fe 
overlayer  domain  structure  is  split  into  two  halves  with  two 
oppositely  directed  magnetizations  at  each  Ag  thickness,  also 
as  shown  in  Fig.  1.  If  the  overlayer  magnetization  from  the 
other  half  of  the  Fe  whisker  were  plotted,  the  curves  would 
look  as  if  they  had  been  inverted  with  respect  to  the  x  axis. 
The  intensity  curves  from  this  half  of  the  whisker  do  not 
invert,  however.  Hence,  the  intensity  oscillations  are  corre¬ 
lated  with  the  relative  alignment  of  magnetization  of  the  Fe 
films. 

DISCUSSION 

The  electrons  used  to  form  images  in  the  SEMPA  tech¬ 
nique  are  secondary  electrons.  They  are  generated  from  the 
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cascade  of  incident  primary  electrons  or  backscattered  elec¬ 
trons,  and  originate  from  a  region  within  a  few  nanometers 
of  the  surface  because  of  mean-free  path  considerations.  The 
electrons  that  contribute  to  the  signals  displayed  in  Fig.  3 
may  originate  in  the  Fe  substrate,  the  Ag  interlayer,  or  the  Fe 
overlayer,  depending  on  the  particular  situation.  For  ex¬ 
ample,  the  0  ML  Fe  magnetization  curve  is  seen  to  exhibit  an 
approximately  exponential  decay  with  Ag  thickness.  This  de¬ 
crease  in  polarization  corresponds  to  the  increased  number  of 
unpolarized  electrons  originating  in  the  Ag  accompanied  by 
the  attenuation  of  the  polarized  secondary  electrons  from  the 
Fe  substrate.  This  0  ML  polarization  curve  has  been  scaled 
and  replotted,  with  its  mirror  image,  in  the  middle  of  Fig.  3. 
The  envelope  created  suggests  that  the  falloff  in  intensity 
modulation  amplitude  with  Ag  thickness  is  related  to  the 
relative  abundance  of  secondary  electrons  from  the  substrate. 

The  explanation  of  the  observed  effect  lies  in  the  filter¬ 
ing  of  hot  electrons  due  to  spin-dependent  scattering,  and  is 
directly  analogous  to  explanations  of  the  basis  for  the  giant 
magnetoresistance  in  similar  sandwich  structures.  Incident 
primary  electrons,  and  other  electrons  in  the  cascade,  gener¬ 
ate  polarized  electrons  in  the  substrate,  some  of  which  are 
directed  toward  the  surface.  These  electrons  are  attenuated 
during  their  transport  to  the  surface  by  spin-dependent  as 
well  as  spin-independent  interactions.  Transport  through  the 
Ag  interlayer  may  be  presumed  to  occur  in  a  spin- 
independent  manner.  However,  there  may  be  spin-dependent 
interactions  within  the  Fe  overlayer  or  at  the  Ag/Fe  interface. 
For  example,  there  have  been  both  theoretical"’*^  and 
experimental*^'*'*  determinations  of  spin-dependent  mean- 
free  paths  in  bulk  materials,  as  well  as  a  discussion*^  of  using 
the  difference  in  mean-free  path  as  the  basis  of  a  spin  detec¬ 
tor.  The  spin-dependent  interactions,  which  depend  only  on 
the  relative  alignment  of  the  magnetic  layers,  control  the 
number  of  substrate  electrons  that  make  it  to  the  near  surface 
region.  However,  since  the  measured  electron  polarization  is 
constant  for  all  but  the  smallest  Ag  interlayer  thicknesses,  the 
secondary  electrons  ejected  reflect  the  overlayer  polarization 
and  must  originate  there.  The  experimental  results  can  there¬ 
fore  be  explained  by  spin-dependent,  hot  electron  transport 
of  substrate  electrons  to  the  near  surface  region,  followed  by 
the  ejection  of  polarized  overlayer  electrons  with  an  intensity 
modulation  that  reflects  the  spin  dependence  of  the  transport. 

The  secondary  electrons  from  the  substrate,  which  must 
have  an  energy  nominally  greater  than  5  eV  above  the  Fermi 
level,  experience  a  few  percent  difference  in  transmission 
probability  for  the  two  cases  of  parallel  and  antiparallel  fer¬ 
romagnetic  layer  alignment.  As  in  the  GMR  effect,  the  trans¬ 
port  is  higher  for  the  parallel  magnetization  configuration. 
However,  the  GMR  phenomena  is  related  to  Fermi  level 
electrons,  while  those  playing  a  role  here  are  obviously  of  a 
much  higher  energy. 

We  have  made  similar  measurements  in  the  Fe/Au/Fe 
and  Fe/Cr/Fe  systems,  as  shown  for  comparison,  along  with 
the  Fe/Ag/Fe  data  in  Fig.  4.  In  both  cases  the  measured  sec¬ 
ondary  intensity  is  modulated  and  the  modulation  correlates 
directly  with  the  relative  alignment  between  the  ferromag¬ 
netic  layers.  As  was  the  case  in  Ag,  aligned  ferromagnetic 
layers  produce  higher  secondary  electron  intensities. 
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FIG.  4.  Relationship  between  secondary  intensity  oscillations  (dotted  lines, 
scales  to  left)  and  magnetization  direction  (solid  lines,  scales  to  right). 


CONCLUSION 

We  report  a  modulation  in  the  production  of  near  surface 
secondary  electrons  in  Fe  sandwich  structures  that  depends 
on  the  relative  orientation  of  the  two  Fe  layers,  when  sepa¬ 
rated  by  Ag,  Au,  or  Cr.  The  modulation  in  amplitude,  of  a 
few  percent,  is  seen  to  be  due  to  the  spin-dependent  transport 
of  hot  electrons  between  the  Fe  substrate  and  the  Fe  over¬ 
layer,  resulting  in  the  ejection  of  au  overlayer  electron.  Par¬ 
allel  alignment  of  the  Fe  layers,  in  the  cases  we  studied, 
always  corresponds  to  a  higher  secondary  emission  current. 
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We  studied  the  magnetothermopower  of  Co/Cui_;fNi^  multilayers  (with  j!:=0.37  and  0.42)  at 
various  temperatures.  Both  systems  have  negative  thermopower  and  the  magnitude  of  the 
thermopower  increases  as  the  magnetic  field  increases.  We  found  that  as  the  ferromagnetic 
component  of  the  magnetization  becomes  larger  at  lower  temperatures,  both  the 
magnetothermopower  and  the  magnetoresistance  decrease.  The  inverse  relationship  between  the 
thermopower  and  the  resistance,  wh'  n  the  field  H  varies,  holds  well  at  different  temperatures.  We 
interpret  the  results  in  terms  of  the  two-current  model,  with  an  emphasis  on  the  spin-split  density  of 
states. 


ITie  thermoelectric  power  has  been  shown  to  be  a  very 
useful  probe  of  the  giant  magnetoresistive  (GMR)  mecha¬ 
nism  in  magnetic  systems.^"^  An  unusually  large  field- 
dependent  thermopower  coexists'*'*  with  the  giant  magne- 
toresistance;  an  inverse  relationship  between  the  field- 
dependent  diffusion  thermopower  and  the  resistance  has 
been  found  to  hold  for  GMR  systems.  These  experimental 
results  were  interpreted  in  terms  of  the  two-cunent  model, 
with  an  emphasis  on  the  spin-split  final  density  of  states 
(DOS).*'^  To  bette*'  understand  the  coupling  in  multilayers 
and  the  origin  of  giant  magnetoresistance,  we  studied  the 
magnetothermopower  of  two  Co/CuNi  multilayer  systems 
with  different  Ni  concentrations. 

The  Co/Cu,_^Ni^  multilayers  (jc=0.37  and  0.42)  used 
for  the  thermopower  study  were  prepared  by  sputtering  onto 
glass  substrates.  Both  have  the  same  Co-layer  and  CuNi- 
layer  thicknesses  and  the  structures  can  be  represented  as 
50  A  Fe/{10  A  Co/16  A  CUfijNij^lij/lO  A  Co/25  A  Cu^jN^y, 
and  50  A  CusgNuj/flO  A  Co/16  A  Cu5gNi42},5/10  A  Co/25  A 
C;>j8Ni42.  The  magnetoresistance  ratios  at  room  temperature 
are  1%  and  6%,  respectively,  and  both  samples  are  at  the  first 
antiferromagnetic  peak  in  the  exchange  coupling. 

Magnetic  hysteresis  loops  were  measured  at  various 
temperatures.  It  is  found  from  the  mutilayer  magnetization 
curves  that  there  is  a  large  ferromagnetic  component  at  tem¬ 
peratures  for  which  the  CuNi  spacer  material  at  these  com¬ 
positions  does  not  have  a  ferromagnetic  transition.  This  sug¬ 
gests  that,  by  introducing  Ni  into  Cu,  the  coupling  between 
the  neighboring  Co  layers  is  not  completely  antiferromag¬ 
netic  as  it  is  in  the  Co/Cu  case.  The  reduction  in  the  antifer¬ 
romagnetic  coupling  is  responsible  for  lowering  the  satura¬ 
tion  fields  and  for  decreasing  the  magnetoresistance  ratios. 

Resistance  and  magnetization  were  measured  conven¬ 
tionally  at  and  below  room  temperature.  Thermoelectric 
power  measurements  were  carried  out  using  the  technique 
described  previously.*  Narrow  Pb  foils  were  used  for  the 
electrodes,  and  type  E  differential  thermocouples  for  detect¬ 
ing  the  temperature  gradient.  The  field  dependence  of  the 
thermopower  was  studied  at  various  temperatures.  The  mag¬ 
netoresistance  decreases  and  the  ferromagnetic  component  of 


both  samples  increases  as  the  temperature  is  reduced.  For  the 
higher  Ni  concentration  sample,  the  magnetoresistance  dis¬ 
appears  at  about  100  K  while  the  low  Ni  concentration 
sample  exhibits  a  finite  magnetoresistance  over  the  whole 
temperature  range  (r>4  K). 

Figure  1  shows  the  field  dependence  of  the  thermopower 
of  both  samples  at  300  K.  The  zero-field  thermopower  for 
Co/Cu5gNi42  is  negative  (-26  /uV/K),  and  its  magnitude  in¬ 
creases  with  increasing  magnetic  field  until  it  saturates  at 
about  500  Oe.  The  field  dependence  of  thermopower  of 
Co/Cu63Ni37  is  qualitatively  the  same  as  that  of  the  higher  Ni 
concentration  sample,  but  the  saturation  field  is  about  400  Oe 
and  the  zero-field  thermopower  is  about  -19  yu.V/K.  Because 
the  determination  of  the  absolute  value  of  thermopower  de¬ 
pends  on  the  closeness  of  the  thermal  EMF  leads  to  the 
type-E  thermocouple  leads,  the  absolute  value  has  some  un¬ 
certainty  due  to  the  misplacement  of  the  leads.  However,  the 


H(Oe) 


FIG.  1.  Thermoelectric  power  as  a  function  of  magnetic  field  tor  both 
samples  at  room  temperature,  llie  open  circles  are  for  the  higher  Ni  con¬ 
centration  sample,  the  closed  circles  for  the  lower  Ni  concentration  sample. 
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FIG.  2.  -S  vs  VR  plot  for  the  data  shown  in  Fig.  1,  in  the  case  of  the  higher 
Ni  concentration  sample. 


magnitude  of  the  higher  Ni  concentration  sample’s  ther¬ 
mopower  is  consistently  larger  than  that  of  the  lower  Ni  con¬ 
centration  sample.  The  difference  may  be  caused  by  the  Fe 
underlayer,  which  has  a  relatively  large  positive  ther¬ 
mopower  and  is  effectively  in  parallel  connection  to  the  Co/ 
CuNi  multilayer  structure. 

We  demonstrate  the  inverse  relationship  between  resis¬ 
tance  and  thermopower  in  variable  fields  in  Fig.  2  (for  the 
higher  Ni  concentration  sample).  The  magnetothermopower 
|5(//) -5(0)1  decreases  as  the  temperature  is  decreased, 
vanishing  near  100  K  for  this  sample.  The  magnetoresistance 
also  vanishes  at  this  temperature,  indicating  that  a  single  un¬ 
derlying  mechanism  causes  the  coexistence  of  magnetother¬ 
mopower  and  magnetoresistance.  The  inverse  relationship 
also  holds  very  well  at  various  temperatures  for  the  lower  Ni 
concentration  sample;  the  -5  vs  l/R  plot  at  150  K  is  shown 
in  Fig.  3  for  that  sample. 

The  temperature  dependence  of  the  zero-field  ther¬ 
mopower  5(0)  was  also  measured  for  both  samples.  F.om  *he 
lowest  temperature  (4  K)  to  room  temperature,  5(0)  shows  a 
linear  temperature  dependence,  which  means  that  the  diffu¬ 
sion  thermopower  dominates.  The  temperature  dependence 
of  the  thermopower  for  the  low  Ni  concentration  sample  is 
shown  in  Fig.  4. 

As  pointed  out  previously,*"^  the  large  field  dependence 
of  thermopower  suggests  that  the  different  DOS  of  spin-up 
and  spin-down  d  bands  at  the  Fermi  surface  is  essential  to 
the  scattering  process.  In  that  model,  we  assumed  that  s  elec¬ 
trons  are  the  main  charge  carriers,  that  the  spin-flip  scattering 
mean-free  path  is  much  longer  than  the  spacer  layer  thick¬ 
ness,  and  that  scattering  into  the  d  bands  by  the  interfacial 
potential  is  the  most  important  relaxation  process.  Neglect¬ 
ing  spin-mixing  scattering  and  applying  the  two-current 
model,  we  could  successfully  explain  the  following  facts:  the 
large  field  dependence  of  thermopower;  the  large  magnitude 
of  the  thermopower  and  the  closeness  of  its  saturation  value 


1/R  (10-2n-i) 


FIG.  3.  -5  vs  1/R  plot  for  the  lower  Ni  concentration  sample  data  at  150  K. 


to  the  bulk  thermopower  of  Co;  the  inverse  relationship  be¬ 
tween  the  thermopower  and  the  resistance  in  variable  fields; 
and  the  linear  temperature  dependence.  In  applying  this 
model  to  granular  systems,  we  also  included  a  matrix  contri¬ 
bution  because  the  scattering  within  the  matrix  is  not  negli¬ 
gible  in  that  case. 

There  are  two  factors  that  decrease  the  magnetoresis¬ 
tance  ratio,  which  otherwise  would  be  determined  by  the 
magnetic  layer’s  DOS  only:  scattering  within  the  nonmag¬ 
netic  layer  as  in  the  granular  case,^  and  reduced  antiferro¬ 
magnetic  coupling.  In  Co/CuNi  samples,  both  contribute. 
The  nonmagnetic  layer  is  thicker  and  more  resistive  as  com¬ 
pared  with  the  Co/Cu  case,  and  there  is  a  significant  ferro¬ 
magnetic  coupling  component  in  zero  magnetic  field.  Here 
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FIG.  4.  Thermoelectric  power  as  a  function  of  temperature  for  the  lower  Ni 
concentration  sample. 
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we  consider  only  the  latter.  With  the  assumptions  mentioned 
earlier,  we  can  obtain  an  expression  for  the  resistivity  in 
magnetic  field, 

p{H)=[i-fmp^i+m)Pf,  (1) 

where  denotes  the  resistivity  in  the  fully  antiferromagneti- 
cally  coupled  state,  pf  the  resistivity  in  the  ferromagnetically 
aligned  state,  and  f(H)=[MiH)/M, ]‘^=cos^  e(H).  e(H)  is 
the  angle  between  the  magnetization  and  the  applied  field.  If 
we  assume  that  6  does  not  start  from  a  right  angle  but  from 
an  intermediate  angle  between  90°  and  0°,  i.e.,  that  f(H) 
starts  from  a  nonzero  value  /g,  then  we  will  have  a  magne¬ 
toresistance  ratio  that  depends  on  the  ferromagnetic  coupling 
parameter  /g. 


r 


^  PQ-Pf 
Pf  Pf 


=  (l-/o) 


Paf-P/\ 

Pf  I 


(2) 


The  magnetoresistance  ratio  is  reduced  by  a  factor  of  (l-/g) 
from  its  maximum  [(Paf“P/)/p/].  which  is  determined  by  the 
DOS  of  d  bands  at  Fermi  surface.  As  the  ferromagnetic  com¬ 
ponent  increases,  the  magnetoresistance  ratio  decreases  until 
/-+!,  where  the  magnetoresistance  vanishes. 

From  Mott’s  formula,^ 


ir^klT  /din  p\ 
3|e|  \  de  / 


(3) 


we  can  obtain  the  inverse  relationship  between  resistivity 
and  thermopower.  Thermopower  changes  from  its  initial 
value  Sg, 


Sn  —  Si, 


fo 
l  +  r 


[S,rSf], 


(4) 


{oSfisH  is  increased,  where  both  S^(  and  are  determined 
by  the  DOS  of  d  bands.  Obviously,  the  magnetothermopower 
is  also  reduced,  by  a  factor  [/o''/(l  +  '')].  by  the  existence  of 
fenomagnetic  coupling. 

We  compare  Co/CuNi  samples  to  the  Co/Cu  samples 
with  comparable  spacer-layer  thickness  studied  previously.* 
To  decrease  the  magnetoresistance  ratio  from  18%  to  about 
7%  requires  that  /g«<0.61,  corresponding  to  an  initial  mag¬ 
netization:  A/(0)’=“0.78A/j.  This  is  larger  than  indicated  by 
the  magnetization  data,  for  which  A/(0)«=0.5A/j  at  room 
temperature.  We  conclude  that  scattering  within  the  more 
resistive  nonmagnetic  layer  also  contributes  to  the  suppres¬ 


sion  of  both  the  magnetoresistance  and  magnetother¬ 
mopower.  Both  possibilities  still  preserve  the  inverse  rela¬ 
tionship  in  magnetic  field.  Recently,  there  has  been  some 
discussion®  of  biquadratic  coupling  in  multilayers  in  the  lit¬ 
erature,  which  leads  to  values  of  /g  other  than  0  and  1.  The 
results  suggest  the  possibility  that  biquadratic  coupling  is 
introduced  when  Ni  atoms  are  added  into  Cu.  An  entirely 
different  picture  is  that  some  layers  are  coupled  ferromag¬ 
netically  and  others  coupled  antiferromagnetically,  with  both 
types  connected  in  parallel.  This  scenario  is  not  consistent 
with  the  inverse  relationship  between  thermopower  and  re¬ 
sistance,  and  can  be  mled  out. 

In  summary,  we  studied  the  magnetothermopower  of  Co/ 
CuNi  samples  at  different  temperatures.  Thermopower  val¬ 
ues  are  negative  in  both  samples,  and  the  magnitude  of  the 
thermopower  increases  as  the  resistance  decreases  in  mag¬ 
netic  fields.  The  inverse  relationship  between  the  ther¬ 
mopower  and  the  resistance  holds  very  well  at  all  tempera¬ 
tures,  which  is  a  general  consequence  of  the  two-current 
model.  Magnetothermopower  and  magnetoresistance  de¬ 
crease  as  the  ferromagnetic  component  increases,  and  both 
vanish  when  antiferromagnetic  coupling  disappears.  We  em¬ 
phasize  again  here  that  a  spin-dependent  scattering  matrix 
element  will  not  give  rise  to  both  GMR  and  magnetother¬ 
mopower  effects. 
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High-field  polar  MOKE  magnetometry  as  a  probe  of  interlayer 
exchange  coupling  in  MBE-grown  Co/Cu/Co(111)  and  Fe/Cr/Fe(001) 
wedged  trilayers 

A.  J.  R.  Ives,  R.  J.  Hicken,  J.  A.  C.  Bland,  C.  Daboo,  M.  Gester,  and  S.  J.  Gray 

Cavendish  Laboratory,  University  of  Cambridge,  Madingley  Road,  Cambridge  CB3  OHE,  United  Kingdom 

We  discuss  the  use  of  room  temperature  polar  magneto-optic  Kerr  effect  (MOKE)  measurements  at 
high  field  (^7  T)  in  investigating  antiferromagnetic  (AFM)  and  ferromagnetic  (FM)  exchange 
coupling  in  MBE-grown  wedged  trilayers.  In  the  case  of  Co/Cu/Co(lll),  the  polar  MOKE  revealed 
the  first  AFM  coupling  peak  at  9  A  Cu  thickness  and  the  second  weaker  AFM  coupling  peak  at  20 
A.  This  is  an  important  result  because  it  helps  in  resolving  the  present  controversy  over  whether 
oscillatory  coupling  exists  in  (111)  oriented  MBE-grown  Co/Cu/Co  structures.  For  Fe/Cr/Fe(001), 
polar  MOKE  is  found  to  be  less  sensitive  than  in-plane  MOKE  for  extracting  the  detailed  form  of 
the  coupling.  However,  polar  MOKE  reveals  additional  variations  in  the  perpendicular  saturation 
fields  as  a  function  of  interlayer  thickness,  which  are  not  found  in  the  in-plane  MOKE  saturation 
fields. 


In-plane  magneto-optic  Kerr  effect  (MOKE)  magnetom¬ 
etry  is  now  a  standard  technique  that  has  been  used  success¬ 
fully  to  determine  the  antiferromagnetic  (AFM)  interlayer 
exchange  coupling  in  a  number  of  magnetic  transition  metal 
thin  film  structures.  We  show  here  that  perpendicular  mag¬ 
netization  curves  obtained  using  polar  MOKE  can  provide 
valuable  information  about  the  coupling  strength  and  the 
sample  homogeneity  in  wedged  trilayer  structures  with  a 
hard  axis  along  the  film  normal.  This  information  is  not  al¬ 
ways  obtained  from  in-plane  MOKE  measurements. 

From  the  perpendicular  magnetization  curves  we  can 
measure  the  perpendicular  saturation  field  Hj,  and  a  satura¬ 
tion  field  extrapolated  from  the  initial  magnetization  gradi¬ 
ent,  ;^'o,  defined  as  with  the  magnetization  nor¬ 

malized  to  unity,  as  illustrated  in  Fig.  1.  Our  values  of  Hj 
are  calculated  from  the  intersection  of  the  magnetization 
curve  with  MIMs=a,  where  a  is  the  highest  value  of  M/M, 
at  which  could  be  accurately  determined,  due  to  the 
gradual  approach  of  the  magnetization  to  saturation.  This 
leads  to  being  an  underestimate  of  the  true  saturation 
field.  We  consider  two  cubic  ferromagnetic  layers  with  thick¬ 
nesses  di  and  ^3,  separated  by  a  nonmagnetic  interlayer, 
with  uniform  magnetizations  Mj  and  M2.  We  assume  a  bi¬ 
linear  exchange  coupling  energy  per  unit  area  given  by 
-2Ai2Mi’M2  and  ignore  the  generally  much  smaller  effect 
of  biquadratic  coupling.  It  is  possible  to  obtain  general  ex¬ 
pressions  relating  and  to  A 53. ‘  In  the  case  of  non¬ 
identical  magnetic  layers  with  significantly  different  inter¬ 
face  anisotropy  fields,  these  expressions  may  be  used  to 
extract  estimates  of  both  the  FM  and  AFM  coupling 
strengths  from  the  perpendicular  magnetization  curves,  and 
we  have  used  this  to  measure  the  FM  coupling  in  an  Fe/Pd/ 
Fe(OOl)  wedge  structure.^  For  the  samples  presented  here, 
which  have  identical  magnetic  layers,  both  the  in-plane  and 
perpendicular  saturation  fields  have  a  contribution  that  de¬ 
pends  on  the  AFM  coupling  strength,  -4Ai2/fJLoMd, 
and  a  contribution  ,  which  depends  on  magnetocrystalline 
and  interface  anisotropies,  and  on  demagnetizing  effects. 
Thus,  for  AFM  coupling,  A 12  can  be  obtained  from  the  in¬ 
plane  and  the  perpendicular  magnetization  data  using 


A  j2=  —\fioMd{H,-Ha).  We  shall  assume  M  and  d  are  the 
bulk  magnetization  and  the  nominal  thickness  of  the  mag¬ 
netic  layers.  For  easy  axis  in-plane  magnetization  curves,  we 
can  usually  neglect  Hg  and  write  a|2=  -l/HoMdHl,  where 
//|  is  the  easy  axis  in-plane  saturation  field.  From  the  per¬ 
pendicular  saturation  field  we  obtain  A  j2= A//^, 
where  and  from  the  perpendicular  satura¬ 
tion  field  extracted  from  we  obtain 

A\\  =  -\tiaMd  Afff ,  where  A//f  . 

The  polar  MOKE  measurements  were  made  with  a  7  T 
superconducting  magnet.  The  samples  were  placed  at  the  end 
of  an  insert  tube,  close  to  the  center  of  the  magnet,  at  room 
temperature.  The  laser  beam  was  focused  on  to  the  sample 
and  moved  across  it  using  a  concave  mirror  mounted  on  a 
micrometer  stage.  This  geometry  was  designed  so  that  the 
laser  light  did  not  pass  through  any  windows  or  lenses  in  the 
vicinity  of  the  field,  thus  eliminating  problems  due  to  Fara¬ 
day  rotation  or  birefringence. 

We  have  made  room  temperature  in-plane  MOKE  mea- 


FIG.  1.  A  polar  MOKE  magnetization  curve  from  the  Co/Cu/Co(lll)  wedge 
corresponding  to  a  Cu  thickness  of  7.4  A.  The  dashed  lines  show  how 
and  are  defined.  W,  is  obtained  from  the  intersection  of  the  magneti¬ 
zation  curve  with  MIM,=a,  where  we  have  taken  a=0.94  for  the  Co/ 
Cu/Co  wedge  and  0.96  for  the  Fe/Cr/Fe  wedge.  is  obtained  by  applying 
a  linear  fit  to  the  magnetization  curve  for  -2  kOe<//<2  kOe,  and  then 
extrapolating  this  fit  to  the  intersection  with 
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FIG.  2.  (open  circles)  and  (closed  circles)  are  plotted  versus  Cu 
thickness  for  the  Co/CWCo(lll)  wedge  sample.  From  the  right-hand  scale 
we  obtain  Aj-j  and  Afj 


surements  in  fields  up  to  1.2  T  using  a  conventional  electro¬ 
magnet,  and  polar  MOKE  measurements  up  to  6  T,  on  a 
wedged  MBE-grown  (2o(lll)/Cu(lll)/Co(lll)  trilayer  with 
structure  Au(13  A)/Cu(15  A)/Ck)(15  A)/Cu(0-35  A)/Co(15 
A)/Cu(15  A)/Au(200  A)/Co(15  A)/Ge(500  A)/GaAs(110). 
The  Co  seed  layer  contributes  very  little  to  the  MOKE  signal 
due  to  the  limited  penetration  depth  of  the  laser  beam.  Prior 
to  growth,  the  GaAs(llO)  substrate  was  cleaned  by  heating 
to  6(K)  ‘’C.  The  Ge  buffer  was  grown  at  500  ®C  at  a  rate  of 
0.15  A  per  second.  The  Au,  Co,  and  Cu  layers  were  depos¬ 
ited  at  150  °C  at  rates  of  0.067, 0.2,  and  0.2  A/s,  respectively, 
at  a  growth  pressure  of  10“'®  mbar.  RHEED,  x-ray,  and 
NMR  measurements  on  similar  samples  showed  that  the 
layer  growth  is  (111)  for  the  Au  buffer  layer  and  subsequent 
layers,  and  that  the  Co/Cu  layers  have  very  smooth 
interfaces.^'"* 

The  in-plane  magnetization  curves  all  have  large  rema- 
nence,  even  from  parts  of  the  wedge  in  which  significant 
AFM  coupling,  and  hence  strongly  reduced  remanence,  is 
expected.  This  suggests  that  large  regions  of  the  sample  are 
either  FM  coupled  or  uncoupled.^"®  The  approach  to  satura¬ 
tion  is  gradual  at  all  Cu  interlayer  thicknesses,  making  deter¬ 
mination  of  the  in-plane  saturation  fields  difficult,  and  so  we 
have  been  unable  to  deduce  consistent  values  of  A 12  from 
our  data.  Other  authors  have  found  very  similar  magnetiza¬ 
tion  behavior  in  MBE-grown  Co/Cu(lll)  trilayers  and 
multilayers.®"^ 

In  Fig.  2  we  have  plotted  AHf  and  on  the  left- 
hand  scale  versus  layer  thickness,  with  corresponding 
values  of  AI2  and  A^2  on  the  right-hand  scale.  Previous 
workers  have  found  oscillatory  coupling  in  sputtered  Co/Cu/ 
Co(lll)  structures  with  first  and  second  AFM  coupling  peaks 


at  about  9  and  20  A  Cu,  respectively.'®  In  contrast,  it  has 
proved  to  be  difficult  to  find  evidence  of  oscillatory  coupling 
in  similar  films  grown  by  MBE."  While  a  number  of  groups 
have  found  the  first  AFM  peak  in  MBE-grown  Co/Cu/ 
Co(lll)  structures,®’®’®  only  two  groups  have  clearly  seen  the 
second  peak,  and  conflicting  values  have  been  obtained  for 
the  coupling  period.®’’  However,  our  plot  of  AHj  shows 
both  the  9  and  20  A  peaks.  The  plot  of  AH^^  shows  the  peak 
at  20  A,  but  the  peak  at  9  A  is  obscured  by  a  steady  increase 
in  AH^^  toward  zero  Cu  thickness.  This  increase  is  of  even 
greater  magnitude  in  the  plot  of  AHj.  Above  24  A  C!u  thick¬ 
ness,  AH^^  flattens  out  as  expected,  but  AHj  increases  rap¬ 
idly.  The  increases  in  both  AHj  and  AHj^  toward  zero  Cu 
thickness,  and  the  increase  in  AHj  above  24  A  Cu,  may  be 
due  to  variations  in  the  interface  anisotropy  field  along  the 
wedge,  which  may  occur  as  a  result  of  changes  in  roughness 
and/or  strain  with  C!u  thickness.  In  the  region  7  A  Cu-24  A 
Cu,  the  amplitude  of  the  oscillations  in  AI2  is  clearly  much 
greater  than  the  amplitude  of  those  inA^j-  This  is  consistent 
with  the  sample  containing  both  AFM-coupled  and  FM-/ 
uncoupled  regions.  An  FM-/uncoupled  region  should  have  a 
perpendicular  saturation  field  below  that  of  an  AFM-coupled 
region.  The  value  of  AHj  is  representative  of  the  saturation 
field  of  the  AFM-coupled  regions.  However,  the  value  of 
AHj^,  being  an  average  over  both  types  of  region,  is  re¬ 
duced  by  the  presence  of  the  FM-/uncoupled  regions.  Since 
the  amplitude  of  Af2  is  seen  to  decrease  relative  to  that  of 
Aj2  with  decreasing  CIu  thickness,  this  implies  that  the  pro¬ 
portion  of  FM-/uncoupled  regions  increases  with  decreasing 
Cu  thickness  in  our  sample.  This  could  be  caused  by  in¬ 
creased  pinhole  coupling  between  the  Co  layers  with  de¬ 
creasing  Cu  thickness. 

An  estimate  of  the  maximum  value  of  A 12  is  obtained 
from  AI2  and  is  A 12= -0.20  mJm"’.  However,  this  is  likely 
to  be  less  than  the  true  value  of  A  ,2,  because,  as  staled 
above,  Hj  is  an  underestimate  of  the  true  saturation  field.  It 
compares  with  maximum  values  of  A 12= -0.27  mJm~^  (300 
K)  for  an  MBE-grown  Co/(2u(lll)  superlattice  in  Ref.  7,  and 
A, 2= -0.55  mJm“’  (300  K)  for  an  MBE-grown 
Co/Cu(lll)/Co  wedge  in  Ref.  8.  The  period  of  the  coupling 
determined  from  AHj  is  11  ±2  A,  which  compares  with  pe¬ 
riods  of  17  and  9  A  in  Refs.  5  and  7. 

We  have  performed  room  temperature  in-plane  MOKE 
measurements  in  fields  up  to  0.3  T,  and  polar  MOKE  mea¬ 
surements  up  to  4.7  T  on  a  wedged  MBE-grown  Fe(OOl)/ 
Cr(001)/Fe(001)  trilayer  with  structure  Cr(20  A)/Fe(20  A)/ 
Cr(0-40  A)/Fe(20  A)/Ag(600  A)/Fe(15  A)/GaAs(001). 
Once  again,  the  Fe  seed  layer  contributes  very  little  to  the 
MOKE  signal.  Prior  to  growth,  a  commercially  polished 
GaAs(OOl)  substrate  was  heated  to  600  °C  for  one  hour.  The 
Fe,  Cr,  and  Ag  layers  were  then  grown  using  e-beam  evai-o- 
rators,  at  rates  of  1  A/min  for  Fe  and  Cr,  and  0.5  A/m'.i  for 
Ag,  and  at  a  growth  pressure  of  10“®  mbar.  The  Fe  seed  lu.'er 
was  grown  at  150  °C,  and  the  other  layers  were  g.  jwn  \t 
room  temperature.  The  Ag  buffer  layer  was  post-annealed  at 
300  °C  for  two  hours  and  the  first  Fe  layer  on  the  Ag  buffer 
was  post-annealed  at  150  °C  for  half  an  hour.  LEED  patterns 
confirmed  the  good  epitaxial  (001)  growth  of  all  layers.  The 
situation  in  Fe/Cr/Fe(001)  trilayers  with  Ag  buffer  layers  is 
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Cr  THICKNESS  (A) 


FIG.  3.  (closed  squares),  (open  squares),  and  //}  (closed 

circles)  are  plotted  versus  Cr  thickness  for  the  Fe/Cr/Fe(001)  wedge  sample. 
From  the  right-hand  scale  we  obtain  i4|2,  and/lf2- 


quite  different  from  that  in  Co/Cu/Co(lll)  trilayers.  At  Cr 
thicknesses  where  AFM  coupling  is  obtained,  the  in-plane 
magnetization  curves  have  almost  zero  remanence.  This  is 
consistent  with  the  sample  being  homogeneous  so  that,  un¬ 
like  in  Co/Cu/C!o(lll),  large  FM-/uncoupled  regions  do  not 
occur. 

In  Fig.  3,  we  have  plotted  h],  and  on  the 
left-hand  scale  versus  Cr  layer  thickness,  with  corresponding 
values  of  i4|2,  AI2,  and  Af2  on  the  right-hand  scale.  The  plot 
of  h]  suggests  that  regions  of  FM  coupling  occur  from  0-5 
A  and  from  19-24  A  Cr  thickness,  and  that  regions  of  AFM 
coupling  occur  from  5-19  A  and  from  24-40  A  Cr  thick¬ 
ness,  in  approximate  agreement  with  previous  work.*^  For 
the  first  three  data  points  on  the  left-hand  side  of  the  plots  of 
A//j  and  A//^'*^  the  Cr  interlayer  has  zero  thickness,  so  the 
effective  Fe  layer  thickness  is  40  A.  At  subsequent  points, 
the  Cr  interlayer  has  finite  thickness,  and  the  values  of  A//, 
and  A//^^  both  fall  abruptly  by  ~1.6  kOe,  due  to  the  in¬ 
creased  interface  anisotropy  fields  associated  with  the  thinner 
separate  Fe  layers.  In  contrast,  changes  only  slightly  from 
11  to  5  Oe  at  the  point  where  the  Cr  interlayer  begins.  For 
well-separated  Fe  layers  we  expect  the  variations  in  A//, 
and  to  have  the  same  form  as  the  variations  seen  in 
h],  and  the  first  AFM  coupling  peak  from  5-19  A  Cr  is 
clearly  seen  in  the  plots  of  A//j  and  A//J^.  The  height  of 
the  peak  at  10  A  in  A/Zj  is  unexpectedly  large  compared 
with  the  in-plane  peak,  and  A//j  has  a  much  higher  value 
than  hI  in  the  region  19-40  A  Cr.  A//^'^  is  smaller  than  //| 
at  the  center  of  the  10  A  peak,  and  again  has  a  much  higher 
value  than  expected  in  the  region  19-40  A  Cr.  The  large 
values  of  A//^  and  in  this  region  hide  the  second 
AFM  peak,  which  is  clearly  observed  in  /zf  at  30  A.  A  pos¬ 


sible  reason  for  the  large  perpendicular  saturation  field  is  a 
reduction  in  the  interface  anisotropy  field  in  this  region,  due 
to  a  variation  in  strain  or  in  interface  roughness  with  Cr 
thickness. 

The  best  estimate  of  the  maximum  value  of  Aj2  in  the 
Fe/Cr/Fe(001)  wedge  is  obtained  from  /z|,  giving 
A 12= -0.22  mJm“^  This  value  is,  however,  much  smaller 
than  the  maximum  value  of  -0.65  mJm“^  (300  K)  from  Ref. 
12.  The  period  of  the  coupling  obtained  from  ZZ|  is  20  A, 
which  compares  with  a  period  of  19  A  in  Ref.  12. 

We  cannot  explain  all  the  features  in  the  perpendicular 
MOKE  data  for  either  the  Co/Cu/Co(lll)  wedge  or  the  Fe/ 
Cr/Fe(001)  wedge.  However,  our  results  show  that,  in  addi¬ 
tion  to  a  thickness-dependent  exchange  coupling,  there  are 
changes  in  the  magnetic  properties  of  the  wedges  along  their 
length,  associated  with  possible  variations  in  structure,  which 
would  not  be  found  using  in-plane  MOKE  measurements. 
Furthermore,  in  the  case  of  the  Co/C!u/Co(lll)  sample,  the 
perpendicular  data  revealed  both  the  first  and  second  AFM 
coupling  peaks,  whereas  our  in-plane  data  did  not.  This 
shows  the  value  of  making  perpendicular  magnetization 
measurements  in  addition  to  performing  in-plane  magnetom- 
etry. 

Note  added  in  proof.  Since  we  submitted  this  paper  Du- 
pas  et  al.  [J.  Magn.  Magn.  Mater.  128,  361  (1993)]  have  also 
reported  the  observation  of  oscillatory  coupling  in  a 
Co/Cu(lll)  multilayer. 
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Orientationaily  independent  antiferromagnetic  coupling  in  epitaxial  Fe/Cr 
(211)  and  (100)  superlattices 

Eric  E.  Fullerton,  M.  J.  Conover,  J.  E.  Mattson,  C.  H.  Sowers,  and  S.  D.  Bader 
Materials  Science  Division,  Argonne  National  Laboratory,  Argonne,  Illinois  60439 

We  present  structural  and  magnetic  characterization  of  epitaxial  Fe/Cr(211)  and  Fe/Cr(100) 
superlattices  grown  simultaneously  on  MgO(llO)  and  MgO(lOO)  substrates  by  magnetron 
sputtering.  The  epitaxial  orientation  of  the  Fe/Cr(211)  superlattice  with  the  MgO(llO)  substrate  is 
Fe/Cr[0il]//Mg0[001]  and  the  orientation  of  Fe/Cr(100)  is  Fe/Cr[001]//Mg0[011].  We  find  that  for 
both  orientations,  that  the  interlayer  coupling  oscillates  in  sign  with  a  period  of  18  A,  and, 
furthermore,  that  the  strength  and  phase  of  the  magnetic  coupling  are  also  nearly  identical  for  these 
two  orientations. 


Oscillatory  interlayer  coupling  across  nonmagnetic 
spacer  layers  in  ferromagnetic/nonmagnetic  transition-metal 
multilayers*"'*  has  become  a  challenging  theoretical 
problem.^'*^  Most  theories  are  based  on  a  band-structure- 
modified  RKKY  treatment  of  the  spacer  layer.  Within  this 
framework,  the  oscillations  in  the  coupling  arise  from  span¬ 
ning  vectors  normal  to  the  .layers  that  join  extremal  points  of 
the  bulk  Fermi  surface.  A  stringent  test  of  this  approach  is  to 
study  the  interlayer  coupling  along  different  crystallographic 
directions  of  the  spacer,  since  different  spanning  vectors 
should  be  probed  for  each  orientation.  This  type  of  experi¬ 
ment  has  been  performed  most  extensively  for  the  Co/Cu 
system.*^"*’  In  this  paper,  we  discuss  the  interlayer  coupling 
of  Fe/Cr(211)  and  (100)  superlattices.  We  find  that  for  both 
orientations  that  the  interlayer  coupling  oscillates  in  sign 
with  a  period  of  18  A,  ana,  fiirthermore,  that  the  strength  and 
phase  of  the  magnetic  coupling  are  also  nearly  identical. 

The  Fe/Cr  superlattices  were  grown  by  dc  magnetron 
sputtering  onto  single-crystal  MgO(llO)  and  MgO(lOO)  sub¬ 
strates  in  an  Ar  pressure  of  3  mTorr.  The  (110)  and  (100) 
substrates  were  mounted  side  by  side  onto  the  sample  holder 
and  codeposited.  A  100  A-Cf  buffer  layer  was  initially  de¬ 
posited  at  a  substrate  temperature  of  600  The  substrate 
was  then  cooled  to  180  "C  and  the  samples  were  grown  by 
sequential  deposition  of  the  Fe  and  Cr  layers.  A  similar 
growth  sequence  has  been  used  by  Kamijo  and  Igarishi.*** 
TWo  series  of  samples  were  grown.  The  first  was  of  [Fe(14 
A)/Cr(rcr)lv  superlattices  with  8</c<70  A,  and  N  was  ad¬ 
justed  so  that  the  total  superlattice  thickness  was  constant  at 
«1200  A.^®  A  second  series  of  samples  based  on  the  design 
of  Parkin  and  Mauri^*  was  grown  to  measure  the  ferromag¬ 
netic  interlayer  coupling.  The  structure  was  characterized  by 
x-ray  diffraction  using  Ca-Ka  radiation.  Magnetic  properties 
were  measured  by  SQUID  magnetometry  and  longitudinal 
Kerr  rotation. 

The  high-angle  x-ray  spectra  of  [Fe(14  A)/Cr(46  A)]2o 
superlattices  grown  on  MgO(llO)  and  MgO(lOO)  substrates 
are  shown  in  Figs.  1(a)  and  1(b),  respectively.  Figure  1(a) 
contains  the  MgO(220)  peak  and  the  Fe/Cr(211)  reflections, 
and  Fig.  1(b)  contains  the  MgO(200)  and  Fe/Cr(200)  reflec¬ 
tions.  Fittings  of  the  high-angle  diffraction  spectra  to  a  gen¬ 
eral  structural  modeP^  yield  Fe  and  Cr  lattice  spacings, 
which  agree  with  the  bulk  values  to  better  than  0.15%  for 
both  orientations. 


Asymmetric  diffraction  scans  were  performed  on  se¬ 
lected  samples  to  determine  the  in-plane  epitaxial  orientation 
of  the  superlattice.  The  (110)  diffraction  intensity  was  moni¬ 
tored  as  the  sample  was  rotated  by  angle  <!>  about  the  surface 
normal.  The  results  of  these  scans  are  shown  as  the  insets  of 
Figs.  1(a)  and  1(b).  A  two-  and  four-fold  rotational  symmetry 
is  observed  for  the  (211)  and  (100)  orientations,  respectively, 
as  expected.  From  the  position  of  the  peaks,  the  following 
epitaxial  orientations  are  determined:  Fe/Cr[011]//MgO[001] 
for  the  Fe/Cr(211),  and  Fe/Cr[011]//MgO[001]  for  the  Fe/ 
Cr(lOO).  The  same  epitaxial  relation  has  been  observed  for 
the  MBE  growth  of  Fe(211)  on  MgOdlO).^^ 

The  in-plane  magnetization  hysteresis  loops  were  mea¬ 
sured  for  the  superlattices  with  the  applied  field  H  parallel  to 
the  Fe[ill]  and  Fe[0il]  directions  for  the  (211)  orientation 
and  to  the  [011]  direction  for  the  (100)  orientation.  For  the 
14-A  Fe(211)  layers,  there  is  a  strong  in-plane  uniaxial  an- 


26  (deg.) 


FIG.  1.  X-ray  diffraction  results  for  Fe/Cr  superlattices  grown  on  MgO. 
High-angle  spectra  for  [Fe(14  A)/Cr(46  AlJjo  superlattices  grown  on  (a) 
MgOfllO)  and  (b)  MgO(lOO).  Anows  at  the  top  identify  the  position  of 
possible  Fe/Cr  reflections.  The  MgO  reflections  are  also  identified.  The  in¬ 
sets  show  the  Fe/Cr(110)  intensity  as  a  function  of  rotation  angle  about 
the  surface  normal  for  [Fe(14  A)/Cr(r/  A)]^^  superlattices  grown  on  (a) 
MgOdlO)  and  (b)  MgO(lOO). 
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FIG.  2.  (a)  Room  lemperaWrc  magnetic  hysteresis  loops  for  (100)-  and 
(211)-oricnted  [Fc(14  A)/Cr(26  A)lv  superlatticcs.  The  applied  field  is  along 
the  Fe[011]  direction  for  the  (100)  superlat'icc  and  along  the  easy  FetOil] 
and  hard  Fe[ill]  directions  for  the  (211)  superlattice,  (b)  Switching  field 
for  (211)-  and  (lOO)-oriented  Fc(14  A)/Cr(rc,)  superlatticcs  measured  at 
room  temperature  with  H  parallel  to  the  Fe[011]  direction,  (b)  Antiferro¬ 
magnetic  coupling  strength  vs  Iq,  for  (211)-  and  (lOO)-oriented  Fc(14 
A)/Cr(rcr)  superlatticcs  determined  from  Hs  values  shown  in  (b). 


isotropy  along  the  Fe[0il].  To  quantify  the  anisotropy,  we 
analyze  the  hysteresis  loop  of  a  ferromagnetically  coupled 
sample  with  H  along  the  hard  axis  (Fe[lll]),  utilizing  an 
expression  that  includes  a  magnetocrystalline  anisotropy 
(AT,),  a  uniaxial  anisotropy  (Ky),  and  a  Zeeman  term.^^’^ 
We  determined  ergs/cm^  and  Afi'-«4X10* 

ergs/cm^  for  the  14-A  Fe  layers  at  room  temperature,  con¬ 
sistent  with  the  other  studies  of  Fe(211)  films.^’^'* 

Shown  in  Fig.  2(a)  are  the  room-temperature  hysteresis 
loops  for  AF-coupled  (1(X))-  and  (211)-oriented  [Fe(14  A)/ 
Cr(26  A)];y  superlattices.  The  effect  of  the  in-plane  anisot¬ 
ropy  is  evident  in  the  shape  and  saturation  fields  along  or¬ 
thogonal  directions  of  the  (211)  superlattice.  There  is  a  clear 
spin-flop  transition  when  the  field  is  along  the  easy  axis 
(Fe[0il]).  When  the  field  is  along  the  hard  axis  (Fe[ill]), 
continuous  rotation  to  saturation  is  observed,  which  is  simi¬ 
lar  to  the  behavior  in  the  loop  for  the  Fe/Cr(100)  sample. 

The  value  of  J  can  be  calculated  from  the  saturation 
field  Hs  and  the  anisotropy  constants  for  H  applied  along  the 
easy  and  hard  axis  by  the  following  equations  from  Refs.  25 
and  26: 


^af(211) 


'  iHs+Hic)Msh, 

4 

for  /f//Fe[0il] 

and  J 

(la) 

HsMstpc 

2 

for  ff//Fe[0il] 

■ 

and  J j,^<Kijtpf^, 

(lb) 

for  H/'Fe[ill], 

(2) 

for  7///Fe[011], 

(3) 

for  i///Fe[001], 

(4) 

where  H^  is  the  anisotropy  field  given  by  2Ky/Ms 

for  the 

(211)  samples,  and  IKJMs  for  the  (100)  samples.  The  val¬ 
ues  of  Hk  are  estimated  from  the  saturation  fields  of  the 
fenomagnetically  coupled  superlattices  when  the  field  is  ap¬ 
plied  along  the  hard  axis.  Applying  Eqs.  (l)-(3)  to  the  loops 
shown  in  Fig.  2  yields  Jaf(211)=0.061  and  0.064  ergs/cm^ 
for  the  hard  and  easy  axis,  respectively,  and  Jaf(IOO) =0.062 
ergs/cm^. 

Shown  in  Fig.  2(b)  are  the  measured  saturation  fields  for 
the  Fe/Cr  superlatticcs  as  a  function  of  Cr  layer  thickness  for 
both  orientations.  Four  oscillations  are  observed  with  the 
phase  and  period  (18  A)  identical  for  the  two  orientations.  To 
compare  the  interlayer  coupling  strengths  requires  convert¬ 
ing //y  using  Eqs.  (1)  and  (3)  into  values.  The  calculated 
values  for  Jaf  are  shown  in  Fig.  2(c),  where  for  both 
orientations  were  determined  from  the  saturation  field  of  fer¬ 
romagnetically  coupled  samples  with  neighboring  Cr  thick¬ 
nesses.  As  can  be  seen  in  Fig.  2(c),  in  addition  to  the  phase 
and  period  of  the  oscillations,  the  strength  of  the  AF  cou¬ 
pling  is  independent  of  the  crystallographic  orientation. 

To  explore  the  coupling  of  the  superlattice  across  regions 
where  square  hysteresis  loops  were  observed  for  the  super¬ 
lattices,  we  have  employed  the  structure  suggested  by  Parkin 
and  Mauri  shown  by  the  lower  inset  in  Fig.  3(a).^*  The  9-A 
Cr  layer  was  used  to  strongly  AF  couple  the  middle  Fe  layer 
to  the  thicker  bottom  Fe  layer.  Monitoring  the  switching  of 
the  top  Fe  layers  allows  the  detern:i;..  don  of  the  ferromag¬ 
netic  interlayer  coupling.  The  measured  Kerr  intensity  for  the 
(211)-oriented  sample  in  which  the  top  md  middle  Fe  layers 
are  separated  by  a  19-A  Cr  layers.  There  are  two  switching 
fields  observed  that  are  labeled  Hsi  and  Hsz  in  Fig.  3(a). 
Hsi  is  related  to  the  ferromagnetic  coupling  across  the  19-A 
Cr  layer,  and  Hsi  **  related  to  the  AF  coupling  across  the 
9-A  Cr  layer.  The  relationship  between  Hsi  and  the  AF  in¬ 
terlayer  coupling  for  strong  coupling  strengths  is  given  by^^ 


/af(211) 


{Hsi+HK)Msti 


H  +  ti/ti) 


for  ////Fe[0il], 


(5) 


where  r,  and  ti  correspond  to  the  thickness  of  the  middle  and 
bottom  Fe  layers,  and  H,(  is  estimated  by  measuring  the 
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FIG.  3.  (a)  Room-temperature  hystere.sis  loop  measured  by  Kerr  rotation  of 
a  (211)-oriented  Fe(100  A)/Cr(9  A)/Fe(20  A)/Cr(19  A)/Fe(20  A)/Cr(20  A) 
sample.  The  arrows  indicate  the  magnetization  directions  of  the  three  Fe 
layers.  'Ihc  inset  shows  an  expanded  view  of  the  low-held  region,  (b)  Inter¬ 
layer  coupling  J  vs  to,  for  (211)-  and  (100)-oriented  samples,  where  anti- 
ferromagnetic  coupling  (J <0)  was  determined  from  the  superlatiices  and 
ferromagnetic  coupling  (J>0)  was  determined  from  the  samples  shown 
schematically  in  (a).  Note  the  change  in  scale  at  fct=15  A. 


difference  in  //^  ing  both  the  easy  and  hard  directions. 
The  ferromagnetic  coupling  strength  when  h  is  along  the 
easy  axis  is  given  by 

Jp{2n)=HyMstr., 

for  H  yFe[0 i  1  ]  and  JpK IKutf, .  (6) 

There  are  equivalent  expressions  for  the  (100)  orientations. 
For  the  sample  shown  in  Fig.  3(a),  determined  from  Eq. 
(5)  is  0.09  ergs/cm^,  which  is  consistent  with  the  superlattice 
result.*!.  Shown  in  Fig.  3(b)  is  the  interlayer  coupling  mea¬ 
sured  from  8  to  32  A  Cr,  showing  the  coupling  oscillating 
about  zero  for  bolh  orientations. 

The  shurt-peiiod  (two  monolayer)  oscillations  observed 
i.n  Fe,/Q(i00)/Pe  wedged  samples  are  thought  to  be  directly 
related  to  the  nested  Fermi  surface  of  Cr,  which  gives  rise  to 
the  spin-density  wave  in  Cr.^’"*  The  origin  of  tl. .  18-A  long- 
period  oscillation  is  not  as  easily  related  to  the  magnetic 
properties  of  Cr.  Stiles*  has  shown  that  there  are  a  number  of 
spanning  vectors  in  Cr  (IOC  (liO),  and  (111)  orientations, 
which  could  give  rise  to  lorg-neriod  oscillations.  However,  it 
is  not  understood  Within  this  theoretical  framework  which  of 
the  many  spanning  vector  v/ill  give  rise  to  the  coupling.  In 
general,  it  is  expected  that  the  coupling  should  be  stroiigly 


dependent  on  the  crystal  orientation.  Given  this  expectation, 
the  results  in  Figs.  2  and  3  showing  no  difference  between 
the  (100)  and  (211)  oriented  samples  is  surprising.  In  addi¬ 
tion  to  the  orientations  studied  in  this  paper,  oscillations  in 
the  AF  coupling  has  been  observed  with  the  same  phase  and 
period  and  similar  coupling  strengths  in  (110)  textured 
multilayers.^  At  present,  all  the  studies  of  the  Fe/Cr  system 
that  show  oscillatory  behavior  have  found  the  same  18  A 
long-period  oscillation. 

In  conclusion,  we  have  grown  epitaxial  Fe/Cr(100)  and 
(211)  superlattices  on  MgO(lOO)  and  (110)  substrates,  re¬ 
spectively.  Both  orientations  show  interlayer  coupling,  which 
oscillates  from  antiferromagnetic  to  ferromagnetic  with  a  pe¬ 
riod  of  18  A.  The  phase,  period,  strength  of  the  coupling  is 
found  to  be  independent  of  the  crystallographic  orientation. 

The  work  was  supported  by  the  U.S.  Department  of  En¬ 
ergy,  Basic  Energy  Sciences — Materials  Sciences,  under 
Contract  No.  W-31-109-ENG-38. 
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We  use  a  surface-sensitive  Mossbauer  spectroscopy  technique  to  examine  the  spin-wave  spectrum, 
at  the  Fe(110)/NM(111)  interface  only,  of  a  multilayer  structure  with  a  noble  metal  (NM)  interlayer. 

We  find  that  the  temperature  dependence  of  the  hyperfine  field  follows  a  Bloch  law  and 

use  spin- wave  calculations  to  connect  the  surface  spin-wave  stiffness  parameter,  B,  to  the  interlayer 
exchange  coupling.  Films  grown  with  Ag(lll)  interlayers  show  clear  oscillations  with  a  period  of 
6  ML,  in  good  agreement  with  recent  predictions. 


I.  INTRODUCTION 

The  phenomenon  of  oscillatory  interlayer  magnetic  cou¬ 
pling  of  ultrathin  magnetic  films'"^  has  generated  a  great 
deal  of  enthusiasm  in  recent  years  from  a  fundamental  point 
of  view,'*'^  and,  owing  to  the  Giant  Magneto-Resistance 
(GMR)  effect  exhibited  by  many  of  these  coupled 
systems,*’*’®  from  a  more  device-oriented  point  of  view  as 
well.  The  origin  of  the  coupling  has  been  attributed'*"’  to  a 
Ruderman-Kittel-Kasuya-Yosida  (RKKY)  interaction,  and 
definite  predictions  of  oscillation  period  based  on  Fermi  sur¬ 
face  topology  are  available  for  many  interlayer  naterials. 
Experimental  observations  of  the  oscillation  periods  have 
been  somewhat  less  forthcoming  for  some  interlayers,  in  par¬ 
ticular  the  (111)  oriented  noble  metals  (NM).  We  believe  that 
this  can  be  explained  by  the  high  Fermi  surface  curvature  at 
the  ).-sting  Fermi  wave  vectors,  ’.vhich  are  responsible  for  the 
oscillations.  This  can  result  in  very  low-amplitude  oscilla¬ 
tions,  which  can  be  missed  by  traditional  magnetometry 
techniques  because  of  the  requirement  of  an  applied  field. 

In  this  work,  we  use  a  surface-sensitive  Mossbauer  sf  > 
troscopy  technique  to  examine  the  spin-wave  spectrum  of 
multilayer  structures  Fe(110)/NM(111),  with  different  thick¬ 
nesses  of  the  noble  metal  (NM)  interlayer,  only  in  the  region 
near  the  Fe/NM  interface.  The  hyperfine  field  due  to  Fe  at¬ 
oms  in  this  interfacial  region  is  found  to  follow  a  Bloch  law 
(l-BjT*^),  with  a  surface  spin-wave  stiffness  parameter  Bg 
that  is  closely  related  to  the  interlayer  exchange  coupling/,. 
In  order  to  connect  the  two  quantities,  we  present  model 
spin-wave  calculations.  Films  grown  with  Ag(lll)  inter¬ 
layers  show  clear  oscillations  with  a  period  of  6  ML,  in  good 
agreement  with  the  RKKY  model  prediction*  of  5.94  ML. 

II.  EXPERIMENT 

The  samples  were  prepared  by  inolecular  beam  epitaxy 
(MBE)  in  a  Perkin-Elmer  PHI  430B  MBE  system  equipped 
with  in  situ  reflection  high-energy-electron  diffraction 
(RHEED)  (vacuum  during  growth  <2X10"®  Torr).  The 
multilayer  structures  had  the  form  [Fe(ilO)^  *’Fe(110)2 
NM(lll)j,]^+Fe(110)^ ,  with  the  noble  metal  interlayer  thick¬ 


ness,  y,  variable  between  0  and  40  ML.  In  this  arrangement, 
more  than  90%  of  the  Mossbauer  sensitive  *’Fe  is  segregated 
to  the  interfacial  region,  thus  allowing  us  to  look  experimen¬ 
tally  at  the  interface  spin-wave  spectrum. 

Each  multilayer  structure  was  grown  on  a  5000  A  thick 
Ag(lll)  single  crystal,  which  was  grown  in  situ  by  MBE  on 
a  V-2  quality  mica  substrate.  Fe  layer  thicknesses  were  mea¬ 
sured  by  quartz  crystal  m.icrobalance,  independently  cali¬ 
brated  by  profilometry;  Ag  layer  thicknesses  were  monitored 
by  electron  impact  emission  spectroscopy  (Inficon  Sentinel 
III).  For  Fe(110)/Ag(lll)  samples,  the  RHEED  patterns  ob¬ 
tained  during  growth  of  the  substrate  and  of  the  multilayer 
structure  gave  evidence  for  high  quality,  flat  surfaces  at  the 
atomic  scale,  and  for  a  highly  repeatable  structure.  Also,  the 
absence  of  line  broadening  and  asymmetric  line  intensity  ra¬ 
tios  in  the  transmission  Mossbauer  spectra  indicate  that  the 
surface  being  probed  is  very  flat  at  the  atomic  scale  and  that 
interdiffusion  between  *’Fe  and  natural  Fe  is  negligible.'®’** 
For  Fe(110)/Cu(lll)  samples,  the  interdiffusion  of  Fe  and 
Cu  is  more  significant,  but  it  can  be  reduced  by  decreasing 
the  multilayer  growth  temperature  to  150  ®C  (to  be  compared 
with  18C  °C,  for  samples  with  Ag  interlayer). 

The  multilayer  structures  described  above  can  be  consid¬ 
ered  three  dimensional  (3-D),  since  the  thickness  of  natural 
Fe,  X,  was  at  least  20  ML.  Indeed,  the  interface  hyperfine 
field  was  found  to  follow  a  Bloch  {l-kBT^^)  law,  similar  to 
the  temperature  dependence  of  the  magnetization,*’  where  B 
is  the  bulk  spin-wave  stiffness  parameter  and  k  is  related  to 
the  interlayer  exchange  interaction  experienced  by  the  Fe 
spins  at  the  interface. 

In  Fe(110)/Ag(lll)  multilayers,  k  was  found  to  increase 
to  1.83  with  increasing  y,  with  clear  oscillations  superim¬ 
posed:  see  the  full  line  through  circles  in  Fig.  1(a).  Actually, 
the  minima  occur  at  y  =6, 11,  and  18  ML,  in  close  agreement 
with  the  5.94  ML  period  predicted  by  the  RKKY-like 
theory.*  To  our  knowledge,  our  measurements  provide  the 
first  evidence  of  oscillations  in  exchange  coupling  strength 
through  Ag(lll)  interlayers,  experimentally  detected  via  a 
thermodynamic  property.  As  for  the  sign  of  the  interlayer 
coupling,  vibrating  sample  magnetometry  (VSM)  measure- 
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FIG.  1.  Surface  spin-wave  stiffness  parameter,  k(y),  as  a  function  of  thick¬ 
ness,  y,  expressed  in  ML  (a)  Circles:  experimental  results  for  Ag(lll)  in¬ 
terlayer  (the  full  line  is  a  guide  to  the  eye),  (b)  Full  line:  k(y)  as  predicted 
fitting  RKKY  theory,  Eq.  (4),  to  the  data;  squares:  sampling  of  predicted 
*(>>)  values  at  points  where  experimental  data  exist  (the  dotted  line  is  a 
guide  to  the  eye),  (c)  Comparison  of  a  sampled  fit  to  experimental  data. 

ments  performed  at  4.2  K  suggested  very  weak  antiferromag¬ 
netic  (AP)  coupling  for  y =6  ML;  for  all  the  other  values  of 
y,  the  hysteresis  loops  were  found  to  be  completely  ferro¬ 
magnetic  (FM)  in  character.  In  Fe(110)/Cu(lll)  multilayers, 
preliminary  Mossbauer  data,  obtained  with  Cu  spacer  thick¬ 
nesses  ranging  between  3  and  8  ML,  showed  evidence  for 
the  first  dip  in  k. 

III.  SPIN-WAVE  THEORY 

In  order  to  connect  the  surface  spin-wave  stiffness  pa¬ 
rameter  Bs=kB  to  the  interlayer  exchange  coupling  Jj,  we 
perform  spin-wave  theory  calculations  for  the  simplified 
model  of  two  semi-infinite,  simple  cubic,  Heisenberg  ferro- 
magnets,  interacting  through  the  interfacial  (/  =  -l,0)  planes 
via  a  nearest  neighbor  exchange  with  Hamiltonian: 

{  2  +  E  )y(l-in)S,-S„ 

Ij  ,nij  l.mSiO  j 

-2i,S-S,,_r5Ko.  (1) 

h 

One  has  J(I-m)=Jo>0  for  nearest  neighbor  pairs  within 
each  semi-infinite  part  of  the  system,  and  zero  otherwise; 
1=(!|,/)  are  the  lattice  vectors. 

We  perform  the  usual  Holstein-Primakoff  transforma¬ 
tion  from  spin  to  bosonic  operators,  and  work  in  the  mixed 
Bloch- Wannier  representation  to  take  cars  the  lack  of 


FIG.  2.  Surface  spin-wave  stiffness  parameter,  k(ji),  as  a  function  of  the 
inter-to-intralayer  exchange  ratio,  ji=J^IJo.  The  calculation  is  performed 
for  the  /=0  and  /=!  layers  of  a  simple-cubic  biferromagnetic  interface. 


translational  symmetry  perpendicular  to  the  interface.  For 
ferromagnetic  interfacial  exchange  (/i>0),  we  introduce  the 
two-particle  Green’s  function  (GF) 

-■  ((‘Jk||,/;^i£j,m))£-  Treating  the  interfacial  part  of  the  qua¬ 
dratic  bosonic  Hamiltonian  as  a  perturbation  with  respect  to 
the  noninteracting  part,  relative  to  the  semi-infinite  system, 
one  can  obtain,  via  Dyson’s  equation,  the  interacting  GF 
from  the  noninteracting  one.'^  For  antiferromagnetic  interfa¬ 
cial  inter?  "tion  (/i<0),  a  similar  theoretical  treatment  can  be 
developed.  One  must  introduce  two  different  families  of 
bosonic  operators,  since  the  quantization  directions  are  dif¬ 
ferent  for  l^-l  and  l>0.  T^us,  one  obtains  two  Green’s 
functions,  G,„(£:,kj|)  and  C;„,(£,k||)  s  ((alk,,/:«k,,m))£. 
coupled  via  two  Dyson’s  equations.’’'  In  both  cases,  the  local 
magnetization  at  the  plane  I  can  be  expressed  in  terms  of  the 
trace  of  the  two-particle  GF 

{Sf}  =  S-[^°°dE  /(E,r)Tr  Im  G„(£,k||),  (2) 

J  -CP 

where  f(E,T)  is  the  Bose-Einstein  distribution.  For  ferro¬ 
magnetic  interfacial  interaction,  it  turns  out  that  the  effective 
Bloch  law, 

<5^)/5  =  1-^(7, /7o)5scT^'^  (3) 

is  followed  for  any  value  of  the  ratio  with  the 

limits  (bulk)  and  /:(0)=2  (surface),'^  in  the  case  of  a 

single  interfacial  plane  (/=0  or  /=-!).  B^  is  the  bulk  spin- 
wave  stiffness  parameter  for  the  simple  cubic  ferromagnet. 
For  antiferromagnetic  interfacial  interaction,  in  general,  we 
find  that  the  local  magnetization  does  not  follow  a  law, 
unless  the  coupling  is  rather  v/eak,  yi<0.2. 

In  Fig.  2  we  report  the  prefactor  /:(/.),  calculated — for 
the  valid  range  of  (-0.2^yi^l.0) — taking  into  account 
both  the  /=0  and  the  /=!  planes.  We  note  that  the  inclusion 
of  the  / = 1  plane,  required  by  the  experimental  situation  in 
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?e/Ag  multilayers,  prevents  A:(0)  from  reaching  the  value  2, 
pertinent  to  a  free  surface.*^  Actually,  in  the  limit  of  zero 
coupling,  the  value  A:=1.86  is  calculated,  to  be  compared 
with  the  value  /:=1.83,  experimentally  found  in  Fe(llO)/ 
Ag(lll)  multilayers  for  y=40  ML.  Such  close  agreement 
confirms  that  interdi&sion  effects  are  negligible. 


IV.  DISCUSSION 


We  now  attempt  to  reproduce  the  observed  behavior  of 
kiy)  by  assuming  an  oscillating  Ji{y)  like  the  RKKY 
function,® 


Ji(y)_  <fm*  Jlwy  y/L{T) 

Jo  ^  m  A  /  sinh[y/I(7’)]  ’ 


(4) 


where  we  used  Jq  as  the  energy  scale  for  Ji(y),  and  took 
4>=7r/2  as  in  Ref.  6.  The  oscillation  period.  A,  the  amplitude 
of  the  oscillations,  m*,  and  the  temperature-dependent  at¬ 
tenuation  length,  L{T),  have  been  taken  as  free  parameters. 

In  Fig.  1(b)  we  plot  k(y)  (full  line),  as  obtained  by  per¬ 
forming  a  least  square  fit  to  our  data.  Owing  to  the  steepness 
of  k  vs  j  I  near  j\=0,  k(y)  is  very  sensitive  to  very  weak 
interlayer  couplings:  in  fact,  k(y)  must  have  its  maximum 
value  of  1.86  at  every  point  where  ji(y)  passes  through  zero. 
It  is  this  feature  of  the  spin-wave  stiffness  that  makes  this 
surface  sensitive  method  highly  suitab'  ''  the  detection  of 
interlayer  coupling  in  very  weakf  .‘ferromagnetic 
multilayer  structures,  in  addition  to  ferromubiietic  ones.  The 
dotted  line  through  squares  in  Fig.  1(b)  illustrates  what  hap¬ 
pens  when  the  k(y)  predictions  obtained  from  Eq.  (4)  are 
sampled  at  only  the  interlayer  thicknesses  where  we  have 
data;  it  represents  a  least  squares  lit  of  this  sampled  function 
to  the  data.  One  sees  that,  even  when  sampling  at  1  ML 
intervals,  it  is  easy  to  miss  the  sharp  peaks  in  k{y).  From  the 
comparison  with  the  experimental  results  for  k(y)  [as  shown 
in  Fig.  1(c)],  it  is  apparent  that  the  qualitative  agreement  is 
quite  good:  at  all  the  dips  in  our  data  up  to  y=22  ML,  a 
corresponding  dip  occurs  in  the  best  fit  just  near  the  same 
interlayer  thickness.  We  note  that,  although  m*  and  L(T)  for 
the  best  fit  are  not  close  to  the  theoretical  predictions,®  the 


oscillation  period  of  ji(y)  is  about  6  M^.,  :n  "ood  agreement 
with  the  theoretical  value®  of  5.94  •  iL  ff'r  Ag(lll)  inter¬ 
layers.  The  latter  feature  represents,  ti,e  critical  test  of  the 
RKKY-like  theory.® 

In  conclusion,  using  a  surface-sensitive  Mossbauer  spec¬ 
troscopy  technique,  we  have  found  that  the  hyperfine  field 
due  to  Fe  atoms  in  the  interfacial  region  of  Fe(110)/NM  mul¬ 
tilayers  follows  an  effective  Bloch  law.  We  have  devel¬ 
oped  model  spin-wave  calculations  to  connect  the  spin-wave 
stiffness  parameter  to  the  interlayer  exchange  coupling 
through  the  noble  metal  interlayer.  Films  grown  with 
Ag(lll)  interlayers  show  clear  oscillations  with  a  period  of  6 
ML,  in  close  agreement  with  recent  theoretical  predictions.® 
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Ab  initio  study  of  the  interlayer  magnetic  couplings  in  Fe/Pd(001) 
superlattices  and  of  the  polarization  induced  in  the  Fe  and  Pd  layers 
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In  this  paper  we  present  a  theoretical  study  of  the  magnetic  properties  of  Fe„Pd„(001)  superlattices, 

(m  and  n  being  the  number  of  Fe  and  Pd  atomic  layers).  Our  attention  is  mostly  focused  on  the 
determination  of  both  the  interlayer  magnetic  couplings  and  the  magnetic  moments  distributions  as 
a  function  of  the  Fe  layer’s  and  Pd  spacer’s  thicknesses.  We  use  an  ab  initio  LSDA  method  (ASW) 
to  determine  self-consistently  the  electronic  structure,  the  magnetic  moment  distrifiutions,  and  the 
total  energies  for  the  considered  systems.  For  studying  the  role  of  the  Pd  spacer’s  structure,  we 
consider  two  model  structures  for  the  Pd  spacers  (i)  a  fct  structure  for  which  the  Pd  atoms  keep  their 
bulk  atomic  volume,  and  (ii)  a  fee  structure  for  which  the  Pd  atomic  volume  is  expanded.  For  the 
first  structure,  the  magnetic  polarization  in  the  palladium  spacer  is  limited  mostly  to  the  Fe-Pd 
interfaces,  and  the  couplings  are  similar  to  the  ones  obtained  for  nonmagnetic  spacers.  On  the 
contrary,  for  the  second  atomic  structure,  the  whole  Pd  spacer  is  polarized  with  a  moment  of  about 
O.lS/ig/atom  for  n^l4,  and  the  couplings  are  ferromagnetic  in  a  large  range  of  Pd  thicknesses.  We 
present  a  detailed  study  of  Fe„,Pdi  and  Fe3Pd„  superlattices  to  determine  both  the  couplings  and  the 
polarization  induced  in  the  Fe  and  Pd  layers. 


I.  INTRODUCTION 

The  discovery,  during  the  last  decade,  of  oscillating  in¬ 
terlayer  magnetic  couplings  between  ferromagnetic  (F)  lay¬ 
ers  A  (A=Fe,  Co,  Ni)  separated  by  a  nonmagnetic  or  anti¬ 
ferromagnetic  (AF)  metallic  spacer  B„  (Ref.  1)  {m  and  n 
correspond,  respectively,  to  the  number  of  atomic  layers)  and 
of  the  related  giant  magnetoresistance,^  has  stimulated  a  lot 
of  experimental  and  theoretical  activity.  It  has  been  shown 
that  (i)  for  nonmagnetic  spacers,  the  period  of  the  couplings 
are  related  to  the  shape  of  the  nonmagnetic  metal’s  Fermi 
surface;  and  (ii)  for  AF  spacers,  the  couplings  are  due  to  the 
magnetism  of  the  spacer  and  related  to  the  compatibility  of 
the  spacer’s  AF  order  and  the  interlayer  magnetic  arrange¬ 
ment.  The  case  where  the  spacer  is  a  nearly  F  metal  (Pd,  Pt) 
can  be  considered  as  intermediate  between  the  two  previous 
ones.  Our  aim  is  to  determine  the  main  features  of  the  mag¬ 
netic  moments  distributions  and  of  the  couplings  in  the  local 
spin  density  approximation  (LSDA)  framework  for  Fe/ 
Pd(OOl)  superlattices. 

The  Fe/Pd  sandwiches  and  multilayers  have  been  re¬ 
cently  studied  experimentally.  Fe(001)/Pd„(001)/Fe(0(j'l) 
sandwiches  have  been  first  synthetized  by  Celinski  et 
The  authors  found  that  (i)  the  whole  Pd  spacer  is  not  entirely 
polarized  for  Pd  thicknesses  n  larger  than  four  monolayers 
(ML);  (ii)  for  12  ML,  the  couplings  are  F  and  show  os¬ 
cillations  with  a  period  of  4  ML:  (iii)  for  n>12  ML,  the 
couplings  become  AF;  and  (iv)  they  are  strongly  sensitive  to 
temperature  variations.  Fe/Pd(001)  multilayers  have  been  re¬ 
alized  more  recently  in  the  Thomson-CSF  group^"’  to  study 
their  magnetotransport  properties.  Epitaxial  growth  has  been 
obtained,  in  agreement  with  the  results  of  Celinski  et  al.  The 
authors  obtained  hysteresis  loops  consistent  with  an  AF  cou¬ 
pling  between  the  Fe  layers  in  the  same  thickness  range^  as 
the  one  observed  by  Celinski  et  al.*  However,  by  a  more 

’^Present  address:  BIOSYM  Technologies,  Inc.,  9685  Scranton  Rd.,  San  Di¬ 
ego,  California  92121. 


detailed  analysis  of  the  hysteresis  loops,  they  found  no  evi¬ 
dence  for  isotropic  AF  couplings.  Moreover,  by  Kerr  optical 
microscopy,  they  have  recently  obtained  a  strong  evidence  of 
a  F  coupling  for  5^n^25? 

Theoretically,  the  Fe/Pd  interfaces  have  been  mostly 
studied®’®  when  ultrathin  Pd  overlayers  are  deposited  onto  a 
Fe  substrate.  However,  it  is  not  possible  to  split  the  origin  of 
the  induced  ?d  polarization  into  an  Fe/Pd  interfacial  and  a 
surface  contribution,  so  that  these  results  cannot  be  trans¬ 
posed  to  a  multilayer  situation.  More  recently, 
Fc5/Pd„/Fe5(001)  sandwiches  and  Fe5pd„(001)  superlattices 
have  been  studied  using  a  tight  binding  description  of  the 
electronic  structure.'®  The  magnitudes  for  the  couplings  re¬ 
ported  in  these  papers  are  very  strong,  as  compared  to  the 
experimental  data,  to  the  results  of  similar  calculations  for 
Co4Pd„  superlattices"  and  to  those  obtained  in  the  present 
work. 


II.  INTERLAYER  MAGNETIC  COUPLINGS  IN  Fe;„Pd„ 
SUPERLATTICES 

We  determine  the  couplings  by  calculating  the  difference 
A£f_AF  =  Ep  -  Ef,f  between  the  total  energies  obtained  for 
the  two  opposite  interlayer  magnetic  arrangements  F  and  AF. 
The  F  (AF)  interlayer  magnetic  arrangement  corresponds 
(respectively)  to  parallel  (antiparallel)  magnetizations  of  suc¬ 
cessive  Fe  layers.  Here,  we  use  the  augmented  spherical 
wave  (ASW)  method'^  and  the  LSDA  formalism  for  treating 
exchange  and  correlation  of  a  many  electron  system,  which 
allow  us  to  determine  the  electronic  structure  of  the  superlat¬ 
tices.  More  technical  informations  concerning  the  methodol¬ 
ogy  used  here  can  be  found  in  another  paper.'® 

Only  the  in-plane  parameter  is  experimentally  known 
and  is  found  to  be  nearly  equal  to  the  bulk  Fe  one.  If  we 
assume  that  the  (001)  plane  of  fee  Pd  when  rotated  by  45° 
matches  the  (001)  plane  of  bcc  Fe,  a  5%  in-plane  expansion 
of  the  Pd  parameter  is  obtained.  Consequently,  the  fee  cell  is 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021  -8979/94/75(1 0)/6467/3/$6.00 


©  1994  American  Institute  of  Physics  6467 


Thickness  m  of  Fe  (monolayer) 


FIG.  1.  Interlayer  magnetic  couplings  ~  £af  Fe/nPd,  super¬ 

lattices  as  a  function  of  m  for  the  CAV  (full  line  with  square  symbols)  and 
for  the  EAV  (dashed  line  with  circle  symbols)  structure  obtained  with  the 
two  largest  number  of  k  points  used. 


a  priori  tetragonally  deformed,  giving  a  fct  structure  for  the 
Pd  layers. 

The  precise  value  of  the  tetragonality,  i.e.,  of  the  inter- 
planar  distances  being  unknown,  we  consider  two  extreme 
model  structures;  (i)  the  first  one,  for  which  the  atomic  vol¬ 
ume  of  the  Pd  atoms  is  taken  to  be  equal  to  the  bulk  one 
(noted  CAV  for  constant  atomic  volume),  and  consequently 
induces  a  tetragonal  deformation  of  the  Pd  fee  structure  (fct); 
and  (ii)  the  second  one,  for  which  the  structure  of  the  Pd 
layers  is  assumed  to  be  fee  (noted  EAV  for  expanded  atomic 
volume).  In  the  first  structure  the  distance,  </x(Pd-Pd),  be¬ 
tween  Pd  planes  is  equal  to  0.625Xflp5,  aF(=5.42;  the 
atomic  unit  being  the  experimental  value  of  the  bcc  iron 
lattice  parameter.  For  the  second  structure,  </j^(Pd-Pd)  is 
equal  to  (v5/2)XaFei  so  that  the  palladium  atomic  volume 
increase  Afl  from  its  bulk  value  ft.  Aft/ft  is  equal  to  13%. 
We  have  verified  that,  for  these  two  structures,  the  bulk  Pd 
crystal  is  not  magnetic.  Finally,  for  the  distance  rfj^(Pd-Fe) 
between  a  Pd  plane  and  a  Fe  plane,  we  use  the  average 
[<ij^(Pd-Pd)+<fj^(Fe-Fe)]/2  value  with  <fj^(Fe-Fe)=aF5/2. 

We  have  first  calculated  the  couplings  for  Fe„Pdi  super¬ 
lattices  (Fig.  1)  to  determine  the  smallest  Fe  thickness  for 
which  the  results  can  be  considered  as  representative  of  the 
ones  that  would  be  obtained  for  very  large  Fe  thicknesses. 
For  m  =  \  and  2,  the  couplings  are  found  to  be  very 
different — mainly  for  the  EAV  structure — from  the  ones  ob¬ 
tained  for  m=3~5.  The  couplings  being  nearly  equal  for 
these  values,  we  can  limit  our  study  to  Fe3Pd„  supcrlattices 
to  reduce  the  number  of  inequivalent  sites  in  the  elemental 
cell. 

Figure  2  is  a  plot  of  the  couplings  versus  the  Pd  spacer’s 
th’ckness  n.  The  couplings  obtained  for  the  CAV  structure 
oscillate  from  AF  («=1,2)  to  F  (n  =3,4,5)  and  to  AF  (n=6) 
values.  These  oscillations  can  be  roughly  assimilated  to  the 
ones  obtained  with  the  “RKKY-like”  theories.  On  the  con¬ 
trary,  the  couplings  obtained  for  the  EAV  structure  are  F, 
except  for  n  =  l.  The  couplings  are  positive  for  both  struc¬ 
tures,  i.e.,  the  AF  arrangement  is  the  most  stable  one.  Tnis 
suggests  that,  for  the  F  arrangement,  the  polarization  of  the 


FIG.  2.  Interlayer  magnetic  couplings  -  E/if  in  FesPd,  super¬ 

lattices  as  a  function  of  n  for  the  CAV  (full  line  with  square  symbols)  and 
for  the  EAV  (dashed  line  with  circle  symbols)  structure  obtained  with  the 
two  largest  number  of  k  points  used.  The  long  dashed  line  corresponds  to  the 
difference  AEf.AifCAV) — A£f.,y^EAV)  between  the  couplings  obtained 
for  the  two  structures,  which  is  always  found  to  be  positive.  The  interplanar 
Pd  expansion  introduces  a  contribution  that  always  stabilizes  the  F  state. 
However,  we  deduce  that  this  effect  is  short  ranged  (three  monolayers). 

Pd  spacer  costs  some  magnetic  moment  formation  energy, 
which  can  be  larger  than  the  energy  gain  coming  from  the  F 
interfacial  coupling  between  Fe  and  Pd  layers,  these  two 
contributions  vanishing  for  the  AF  arrangement  for  which 
the  Pd  layer  is  nonmagnetic.  This  conjecture  is  consistent 
with  the  fact  that  the  lowest  AF  couplings  is  obtained  for  the 
EAV  structure,  i.e.,  for  large  Fe-Pd  distances,  so  that  a  given 
polarization  of  the  Pd  atoms  costs  less  energy,  the  Pd  atoms 
being  closer  from  the  Stoner  instability. 

III.  INDUCED  POLARIZATION  IN  THE  Fe  AND  Pd 
LAYERS 

The  experimental  F  couplings,  as  measured  by  Celinski 
etai*  show  a  nonmonotonic  behavior  with  n.  The  authors 
have  obtained  local  minima  for  n= 6,9  and  local  maxima  for 
n=7,ll.  Unfortunately,  it  is  not  possible  to  determine  theo¬ 
retically  the  couplings  for  so  large  Pd  thicknesses  because 
they  are  certainly  too  small  to  be  accurately  determined  and 
would  need  too  large  a  computer  time.  Childress  et  al?  have 
measured  the  enhancement  of  the  polarization  in  the  super¬ 
lattices,  which  has  been  found  to  be  equal  to  (3.3  ±1.6)  fig 
for  each  interfacial  atom.  Even  if  the  couplings  cannet  be 
calculated  for  large  spacer  thicknesses,  it  is  nevertheless  pos¬ 
sible  to  determine  the  magnetic  moments  distributions  for 
larger  m  and  n  values  by  restricting  our  study  to  the  F  ar¬ 
rangement  to  reduce  by  symmetry  the  size  of  the  cell  by  a 
factor  of  2.  This  allows  us  to  get  information  on  the  induced 
magnetic  polarization.  Therefore,  we  have  determined  the 
polarization  in  (i)  the  Fe  layer  for  a  FeisPdj  superlattice  and 
(ii)  the  Pd  spacer  for  large  thicknesses  (up  to  n=20). 

In  Fig.  3  we  have  plotted  the  magnetic  moments  distri¬ 
butions  in  the  Fe  layer  for  FejsPd,  and  in  the  Pd  spacer  for 
Fe3Pdis  for  both  structures. 

We  have  verified  that  the  magnetic  moments  on  the  Fe 
atoms  in  Fe3Pd„  superlattices  are  insensitive  to  the  thickness 
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(a)  Fe  layer 


(b)  Pd  layer 


FIG.  3.  (a)  Polarization  of  the  Fe  layer  in  Fc|jPdi  superlatticcs  detemined 
with  330  k  points  for  both  the  CAV  and  EAV  structure.  The  horizontal  line 
conesponds  to  the  bulk  magnetic  moment,  (b)  Polarization  of  the  Pd  spacer 
in  Fe3Pd|5  superlattices  determined  with  330  (108)  k  points  for  the  EAV 
(CAV)  structure.  The  inserts  represent  the  same  values  for  the  CAV  structure 
at  a  larger  scale.  The  values  are  only  given  for  half  the  sites.  The  others  can 
be  deduced  by  symmetry. 

of  the  Pd  spacer.  This  is  why  we  can  reasonably  assume  that 
the  Fe  poiarization  obtained  for  Fei5Pdi  is  representative  of 
the  polarization  obtained  Cor  larger  n  values.  Our  result  also 
shows  that  the  Fc  polaiization  is  nearly  insensitive  to  the 
structure  (CAV  or  EAV)  of  the  Pd  spacer.  Consequently,  the 
total  polarization  induced  in  the  Fe  layer  is  at  least  found 
equal  to  0.9^^  P®r  interfacial  atom. 

The  polarization  of  the  Pd  spacer  is  nearly  insensitive  to 
the  thickness  of  the  Fe  layer.  However,  it  is  strongly  sensitive 
to  the  structure  of  the  Pd  spacer.  In  the  CAV  structure,  the 
magnetic  polarization  of  the  palladium  layers  induced  by  the 
Fe  interfacial  layers  is  limited  to  the  first  three  neighboring 
layers,  the  total  induced  magnetic  moment  being  equal  to 
about  035fig  per  interfacial  atom.  However,  the  magnetic 
polarization  shows  a  nonmonotonous  decay  and  suggest  that 
both  interfacial  polarizations  are  interacting.  A  minimum  is 
always  obtained  in  the  magnitude  of  the  magnetic  moments 
on  the  fourth  Pd  layers  from  the  interface.  In  the  EAV  struc¬ 
ture,  the  whole  Pd  spacer  remains  polarized  with  large  mag¬ 
netic  moments  on  the  inner  layers  (0.13-0.19/ib)  up  to  large 
thicknesses.  This  is  due  to  the  fact  that,  for  this  atomic  vol¬ 
ume,  the  Pd  is  close  to  the  F  state. 

IV.  DISCUSSION  AND  OUTLOOK 

In  this  paper  we  have  shown  that  (i)  the  ground  states  of 
Fe3Pdi  in  both  structures  and  for  Fe3Pd2  in  the  CAV  structure 
is  AF.  (ii)  The  couplings  are  found  to  oscillate  in  the  CAV 
structure,  whereas  they  are  F  in  the  EAV  stracture.  (iii)  For 
large  Pd  thicknesses  values  {n  >4),  the  polarization  of  the  Pd 
s,.acer  is  completely  different  for  the  two  stmetures  consid¬ 
ered  here:  it  is  limited  to  the  interfacial  atoms  for  the  CAV 
structure,  whereas  the  whole  Pd  spacer  is  polarized  with  a 
magnetic  moment  of  approximately  O.lS/ts^tom  for  the  in¬ 
ner  layers  in  the  EAV  structure,  (iv)  The  induced  polarization 


in  the  Fe  layer  is  at  least  equal  to  0.9 fig  and  in  the  Pd  spacer 
is  approximately  equal  to  0.35 fig  per  interfacial  atom  for  the 
CAV  structure. 

The  comparison  with  the  experimental  results  shows  in¬ 
teresting  features  that  can  be  summarized  as  follows. 

(i)  The  mean  magnetic  moment  per  Pd  atom  is  estimated 
by  Celinski  etal.  to  be  equal  to  0.25 fig  in  Fe5/Pd4/Fejo.^ 
This  result  is  in  agreement  with  the  one  we  obtain  for  the 
Fe3Pd4  superlattices  in  the  EAV  structure,  the  calculated 
mean  magnetic  moment  being  found  equal  to  0.265fig.^^ 
This  could  suggest  that  the  experimental  structure  is  ex¬ 
panded  for  such  small  thicknesses. 

(ii)  Childress  et  al.^  have  measured  an  induced  polariza¬ 
tion  equal  to  (3.3±1.6)/iB  per  interfacial  atom.  Our  calcula¬ 
tions  give  \. 25 fig  per  interfacial  atom  in  the  CAV  structure, 
which  is  less  than  the  experimental  lower  bond  {l.lfig). 

(iii)  Celinski  et  al.  have  also  deduced  that  the  maximum 
number  of  Pd  atomic  layers  for  which  the  whole  Pd  layer  is 
ferromagnetically  ordered  is  n=4.^  This  is  not  consistent 
with  our  calculations  for  perfect  superlattices:  we  have 
shown  that  the  Pd  polarization  for  the  CAV  structure  is  lim¬ 
ited  to  the  interfacial  atomic  layer,  while  the  Pd  spacer  is 
entirely  polarized  up  to  n  =  15  for  the  EAV  structure.  The 
present  results  can  be  consistent  with  experiment  only  if  a 
structural  change  (from  the  EAV  to  the  CAV  structure)  oc¬ 
curs  for  h=5.  Up  to  now,  there  is  no  experimental  evidence 
of  such  a  change. 

In  view  to  clarify  this  point,  we  have  recently  done  pre¬ 
liminary  calculations  to  determine  the  values  of  the  Pd  inter- 
planar  distances,  which  minimize  the  total  energy  of  the  su¬ 
perlattice.  These  results  show  that  the  ground  state  structure 
is  very  close  to  the  CAV  one.  Consequently,  in  contradiction 
with  the  previous  conjecture,  the  structural  change  from  an 
EAV  to  a  CAV  structure  cannot  be  theoretically  predicted. 
Therefore,  the  disagreement  between  theory  and  experiment 
could  only  be  resolved  if  we  introduce  some  interfacial  in- 
terdifi^usion.  Such  a  study  is  now  under  progress. 
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Induced  spin  polarization  on  Fe/nonmagnetic  metal  interfaces 
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We  have  investigated  the  Fe/Au,  Ag,  Pt,  and  Al(OOl)  single  interfaces  by  means  of  an  empirical 
tight-binding  Hamiltonian  within  the  Green’s  function  matching  formalism.  The  method  is  exact  and 
describes  equally  interface  states  and  bulk  resonances.  The  evolution  of  the  layer  density  of  states 
indicates  a  rearrangement  of  the  electronic  density  at  the  interface  in  form  of  spin  polarization  of  the 
nonmagnetic  layers.  The  induced  magnetic  moments  in  the  nonmagnetic  layers  are  only  appreciable 
in  Pt  and  Al,  while  variations  of  the  interface  Fe  mapetization  are  predicted  for  all  the  systems. 


I.  INTRODUCTION 

The  discovery  of  long-range  oscillatory  exchange  cou¬ 
pling  between  magnetic  layers  separated  by  a  nonmagnetic 
spacer'  has  opened  new  perspectives  in  the  study  of  mag¬ 
netic  layered  structures.  The  oscillatory  and  long-range  char¬ 
acter  of  the  coupling  suggests  that  the  nature  of  the  interac¬ 
tion  among  ferromagnetic  layers  is  indirect  and  associated  to 
the  Ruderman-Kittel-Kasuya-Yosida  (RKKY)  indirect  ex¬ 
change.  As  is  well  known,  the  RKKY  interaction  stems  from 
the  spin  polarization  induced  in  the  spacer  material  by  ad¬ 
joining  magnetic  slabs.  Then,  the  electronic  interaction  at  the 
interface  determines  the  spin  polarization  of  the  nonmagnetic 
materia!  and  Indirectly  the  role  of  their  energy  bands.  In 
multilayers,  where  different  interfaces  are  simultaneously  in¬ 
volved,  the  scattering  at  the  multiple  interfaces  would  give 
rise  to  specific  modulation  of  the  multilayer  electronic 
structure.^  Nevertheless,  the  induced  spin  polarization  of  the 
nearly  free  electrons  would  be  identical  in  the  one-interface 
case.  On  the  other  hand,  overlayers  and  sandwiches  of  mag¬ 
netic  metals  have  an  added  interest  due  to  their  remarkable 
two-dimensional  magnetic  properties.  It  has  been  shown  that 
the  interface  magnetic  properties  of  a  Fe  monolayer  (ML) 
grown  on  Au,  Ag,  or  Pt  single  crystals  differ  from  the  bulk 
ones.^  Besides  the  enhancement  of  the  Fe  magnetic  moment 
(MM),  an  appreciable  magnetization  of  the  first  nonmagnetic 
layer  has  also  been  predicted.  The  explanations  for  these 
effects  arc  based  on  the  variation  of  the  coordination  number 
of  the  overlayer  atoms.''  However,  in  multilayers  and  conse¬ 
quently  in  the  single  interfaces  formed  by  bcc  Fe  and  a  fee 
metal,  the  coordination  number  holds  up  throughout  the  in¬ 
terface.  Then,  in  these  systems  magnetic  effects  are  only  pro¬ 
duced  by  the  electronic  interaction  between  the  two  metal 
energy  bands.  The  purpose  of  the  paper  is  to  investigate  the 
interface  electronic  structure  of  Fe(bcc)/Y(fcc)(001)  single 
interfaces,  where  Y  is  a  nonmagnetic  metal. 

II.  MODEL  AND  METHOD 

The  electronic  structure  of  the  interfaces  has  been  self- 
consistently  calculated  by  means  of  an  empirical  tight- 
binding  (TB)  Hamiltonian  v/ithiri  the  surface  Green’s  func¬ 
tion  matching  (SGFM)  approach.^  The  method  is  exact  and 
allows  us  to  determine  the  electronic  properties  of  any  de¬ 
sired  layer  of  the  entire  semi-infinite  crystals.  The  SGFM 
yields  the  interface  Green’s  function  (GF)  in  terms  of  the 
Hamiltonians  and  GF’s  of  the  bulk  constituents  and  the  in¬ 


teraction  across  the  interface.  It  deals  equally  with  interface 
states  and  bulk  resonances.  The  interface  GF  is  evaluated  as 
a  function  of  energy  E,  two-dimensional  wave  vector  k||  par¬ 
allel  to  the  interfaces  and  layer  indexes  n  and  To  calcu¬ 
late  the  total  Layer  Density  of  States  (LDOS),  a  weighted 
sum  of  the  Cunningham  special  points^  in  the  two- 
dimensional  Brillouin  zone  have  been  used.  The  bcc  and  fee 
(001)  semicrystals  are  coupled  by  rotating  the  fee  lattice  45° 
around  the  z  axis.^  The  small  lattice  mismatch  is  neglected, 
since  the  Fe  laitice  constant  is  almost  a  factor  of  v5  smaller 
than  the  Ag,  Au,  Pt,  and  Al  lattice  parameters.  Then,  the 
two-dimensional  lattice  is  square  and  a||  is  the  same  for  both 
constituent  semicrystals  and  equal  to  that  of  Fe,  while  is 
different  on  each  side  of  the  geometrical  interface.  The  dis¬ 
tance  between  the  Fe  and  the  fee  metal  layers  is  obtained 
averaging  the  interlayer  distances  of  both  sublattices. 

An  empirical  TB  Hamiltonian,  with  a  spd  orbital  basis 
has  been  used  to  describe  the  bulk  materials.  Because  the  bcc 
third-neighbor  and  fee  second-neighbor  distances  coincide, 
we  have  taken  up  to  third-nearest-neighbor  interactions  for 
Fe,  and  second-nearest-neighbor  interactions  for  fee  metals. 
The  orthogonal  two-center  TB  parameters  given  by 
Papaconstantopoulos*  have  been  used.  To  calculate  the  cross¬ 
coupling  matrix  elements,  we  consider  the  actual  Fe-Y  {X 
=Ag,Au,Pt,Al)  bond  angles,  while  for  the  TB  parameters  we 
take  the  arithmetic  averages  of  the  corresponding  bulk  ones. 
This  is  a  good  approximation,  since  the  bulk  parameters  have 
either  the  same  sign  or  one  is  much  larger  than  the  other. 

To  obtain  charge  neutrality  we  add  a  diagonal  potential 
to  the  Hamiltonian  of  the  first  two  layers  on  each  side  of  the 
geometrical  interface.  Its  main  effect  is  to  shift  in  energy  the 
interface  LDOS,  and  consequently  to  vary  the  orbital  occu¬ 
pancies.  In  ail  the  interfaces,  charge  neutrality,  to  within  0.05 
electrons,  has  been  achieved. 

III.  RESULTS  AND  DISCUSSION 
A.  Fe/transitlon  metal  Interfaces 

In  the  Fe/transition  metal  interfaces,  the  overlap  between 
the  fee  metal  and  the  Fe  bands  increases  along  the  Ag,  Au, 
and  Pt  series,  since  the  bulk  valence  band  becomes  wider  and 
at  higher  energy.  Figures  1-3  show  the  LDOS  for  the  first 
two  atomiic  planes  and  for  a  bulk  plane  on  each  side  of  the 
Fe/Ag,  Fe/Au,  and  Fe/Pt  interfaces.  Solid  and  dashed  lines 
correspond  to  majority  and  minority  spin  states,  respectively. 
The  energy  zero  is  at  the  Fermi  level.  The  LDOS  of  the  three 
metals,  Ag,  Au,  and  Pt,  exhibits  spin-polarization.  For  Ag  the 
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FIG.  1.  Total  LDOS  for  the  ‘’rst  two  atomic  planes  and  a  bulk  plane  on  each 
side  of  the  Fe/Ag  (001)  interface.  Solid  lines  represent  majority-spin  states 
and  dashed  lines  represent  minority-spin  states. 

splitting  is  very  small  and  almost  restricted  to  the  first  layer. 
It  is  positive  in  the  entire  range  of  the  Ag  d  band,  except 
around  -6  eV.  Bulk  resonances,  particularly  at  about  -4  eV, 
are  induced  by  the  Fe  layer.  The  splitting  of  the  Au  band  is 
larger  and  is  also  observable  in  the  second  Au  layer.  The 
strongest  modification  of  the  first  Au  LDOS  is  around  the  top 


Energy  (eV) 


FIG.  2.  As  in  Fig.  1,  for  the  Fc/Au(001)  interface. 


FIG.  3.  As  in  Fig.  1,  for  the  Fe/Pt(001)  interface. 


of  the  d  band  (-1.5  eV),  where  besides  a  decrease  of  the 
Au-like  states,  the  appearance  of  Fe  induced  resonant  states 
is  observed.  However,  comparing  the  three  interface  systems, 
the  greatest  spin  polarization  is  induced  in  the  Pt  interface 
layer,  where  hybridization  of  the  d  bands  is  noticeable  along 
all  the  band  extend.  The  MM  of  the  nonmagnetic  interface 
layers  takes  the  values  O.Ol/ip  for  Ag,  0.08/ttB  for  Au,  and 
O.lSjtig  for  Pt,  which  agree  reasonably  with  those  calculated 
for  overlayers  and  superlattices.®  Namely,  zero  and  0.05 fig 
for  one  and  two  MLs  of  Fe  grown  on  Ag;  O.OlS/Ltg  for  a  Fe 
ML  on  Au,  and  0.3/Xg  for  Pt/Fe  superlattices.  The  present 
results  indicate  that  the  increase  of  the  MM  correlates  with  a 
stronger  band  hybridization  at  the  interfaces. 

The  overall  structure  of  the  first  Fe  LDOS  is  similar  for 
the  three  interfaces.  There  is  a  depletion  of  states  at  the  bot¬ 
tom  and  an  enhancement  near  the  top  of  the  d  band  for  both 
majority  and  minority  spin  polarization.  These  effects  are 
more  appreciable  in  Ag,  while  for  the  Fe/Pt  interface  the 
LDOS  is  closer  to  that  of  a  bulk  Fe  plane.  The  dominant 
structure  is  located  at  about  -1.5  eV  on  the  majority  and  at 
Fermi  level  on  the  minority-spin  band,  being  larger  for  the 
Fe/Ag  interface.  Since  the  Ag  d  band  is  below  -2  eV,  this 
structure  must  be  due  to  not  only  d-d  but  also  sp-d  hybrid¬ 
ization.  Furthermore,  the  modifications  of  the  majority-spin 
LDOS  are  mainly  in  the  occupied  states  region,  while  those 
of  the  minority-spin  LDOS  are  in  the  empty-state  area. 
Therefore,  there  is  an  imbalance  of  spin-up  and  spin-down 
states,  which  gives  rise  to  the  enhancement  of  the  Fe  mag¬ 
netization  at  the  interface  layers. 

The  MM  of  the  first  and  second  Fe  layers  increases  by 
16%  and  1%  for  Ag,  10%  and  5%  for  Au,  and  5%  and  6% 
for  Pt  interfaces,  respectively.  In  the  Fe/Pt  system,  the  slow 
decay  of  the  Fe  MM  to  the  bulk  value,  besides  the  appre- 
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FIG.  4.  As  in  Fig.  1,  for  the  Fe/Al(001)  interface. 

ciable  Pt  induced  MM,  may  explain  the  great  magneto¬ 
optical  Kerr  effect  observed  in  Fe/Pt  modulated  structures.'® 

B.  Fe/AI  interface 

The  LDOS  for  the  Fe/Al  interface  is  represented  in  Fig. 
4.  The  planes  displayed  are  those  of  Figs.  1-3.  In  spite  of  the 
different  electron  occupancy  -the  A1  band  has  three  sp  elec¬ 
trons  per  spin — the  large  modification  of  the  A1  and  Fe  in¬ 
terface  LDOS  suggests  a  strong  sp-d  interaction.  In  fact,  the 
interface  resonances,  and  consequently  the  sp-d  hybridiza¬ 
tion,  extend  to  all  the  band  for  both  majority  and  minority 
spin  polarization.  The  A1  induced  MM  in  the  first  layer  is 
O.lS/ifi,  comparable  to  the  Pt  MM.  Nevertheless,  while  the 
Pt-Fe  MMs  are  ferromagnetically  oriented,  the  Al-Fe  MMs 
are  antiferromagnetically  coupled.  This  is  due  to  the  strong 


sp-d  hybridization  of  the  minority  spin  band  just  below  the 
Fermi  level.  On  the  other  hand,  the  MM  of  the  Fe  interface 
layer  diminishes  by  as  much  as  24%.  The  strong  sp-d  in¬ 
teraction  seems  to  be  responsible  for  this  significant  reduc¬ 
tion. 

In  summary,  the  interaction  between  the  Fe  and  the  fee 
metals  induces  spin-polarization  on  the  interface  nonmag¬ 
netic  bands  for  all  the  systems  studied.  However,  a  noticiable 
MM  is  only  exhibited  by  the  Pt  and  A1  interface  layers.  En¬ 
hancement  of  the  Fe  interface  MM  is  obtained  for  the  tran¬ 
sition  metal  interfaces,  while  a  large  decrease  is  predicted  for 
the  Fe/Al  system.  In  this  system  the  coupling  at  the  interface 
is  antiferromagnetic. 
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The  temperature  dependence  of  the  bilinear  and  biquadratic  exchange 
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The  exchange  coupling  through  nonmagnetic  metallic  interlayers  is  described  by  bilinear  and 
biquadratic  exchange  coupling  terms.  In  simple  metals  such  as  Cu{001)  and  Ag(001),  the  bilinear 
exchange  coupling  exhibits  strong  short  wavelength  oscillations  (~2  ML).  The  exchange  coupling 
through  non  ferromagnetic  interlayers  is  strongly  affected  by  the  interface  roughness.  Realistic 
interfaces  consist  of  finite  atomic  terraces  that  result  in  variations  of  the  interlayer  thickness. 
Slonczewski  showed  that  in  this  case  the  biquadratic  exchange  term  can  be  produced  by  frustration 
of  local  magnetic  moments.  Recent  band  structure  calculations  showed  that  the  biquadratic 
exchange  coupling  can  be  intrinsic.  In  this  case  its  strength  is  usually  found  to  be  significantly 
weaker  than  that  of  bilinear  coupling.  The  temperature  dependence  of  biquadratic  exchange 
coupling  is  expected  to  be  different  for  the  Slonczewski  and  intrinsic  mechanisms.  The  intrinsic 
biquadratic  exchange  coupling  is  expected  to  vary  with  temperature  faster  than  that  predicted  by  the 
Slonczewski  mechanism.  In  the  present  studies  using  the  FMR  and  MOKE  techniques  we  have 
investigated  extensively  the  temperature  dependence  of  the  bilinear  and  biquadratic  exchange 
coupling  in  Fe/Cu/Fe  and  Fe/Ag/Fe(001)  structures.  The  quantitative  studies  of  the  exchange 
coupling  were  carried  out  in  the  temperature  range  77-400  K.  By  growing  the  first  Fe  layer  at 
various  substrate  temperatures  one  can  prepare  samples  possessing  interfaces  with  a  variable  atomic 
terrace  width  at  the  Fe/Cu,  Ag  interface.  That  way  one  can  control  the  strength  of  the  biquadratic 
exchange  coupling.  Two  limits  were  investigated:  (a)  The  strength  of  the  biquadratic  term  in  the 
exchange  coupling  was  much  smaller  (10%)  compared  to  the  bilinear  term;  (b)  the  strength  of  the 
biquadratic  term  was  comparable  to  the  bilinear  exchange  coupling.  The  results  are  discussed  within 
the  framework  of  existing  theories. 
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Exchange  coupling  through  ferromagnetic  bridges  in  magnetic 
multilayers  (abstract) 

J.  C.  Slonczewski 
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New  York  10598 

It  has  been  known  for  27  years*  that  fenomagnetic  bridges  joining  two  ferromagnetic  films  can 
result  in  a  cos  0  dependence  of  the  exchange-coupling  energy  Wi,  only  under  very  restricted 
circumstances.  In  more  natural  circumstances,  considered  here,  one  expects  Wi,=C  to  hold  in 
the  full  angular  range  The  principal  condition  for  this  relation  to  hold  is  that  local 

spontaneous  spin  polarization  actually  exists  at  the  given  temperature  for  all  sites  composing 
complete  chains  of  exchange-coupled  local  spins  extending  between  the  fenomagnetic  films.  One 
easily  finds  estimation  formulas  in  special  limits;  e.g.,  for  a  set  of  thin  uniform  filamentary  bridges, 
C=A<f>lw,  where  A  is  the  exchange  stiffness,  (f>  is  the  fractional  cross  section  of  filaments,  and  w 
is  the  spacer  thickness.  Because  of  this  peculiar  angular  dependence  of  V/^,  ferromagnetic  bridges 
are  conducive  to  noncolinear  arrangements  of  the  sublayer  moments.  In  particular,  nearly 
90°-domain  arrangements  are  favored  in  epitaxial  (100)  multilayers  which  have  sufficiently  strong 
positive  cubic  anisotropy  W*.  Observed  90°  arrangements  were  previously  attributed  to  biquadratic 
coupling.^  One  condition  for  90°  arrangements  due  to  bridges  is  that  the  additional  coupling 
Wa=  -J  cos  0 through  the  normal-metal  spacer  medium  is  antiferromagnetic  and  its  strength  is  in 
the  appropriate  range.  Let  the  total  energy  be  W=  WgA  ITj.  Then,  if  IT(0)  is  thus  made  nearly 
equal  to  W(Tr),  the  dependence  of  the  bridge  term  insures  that  W  is  minimized  near  6=ttI2. 


'O.  Massenet  et  al,  IEEE  Trans.  Magn.  MAG-2,  553  (1966). 
^M.  Riihrig  et  at.,  Phys.  Status  Solid  A  125,  635  (1991). 
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Exchange  coupling  between  ferromagnetic  layers:  Effect  of  quantum  well 
states  (abstract) 

James  R.  Cullen  and  Kristi  B.  Hathaway 

Naval  Surface  Warfare  Center,  Dahlgren  Division,  While  Oak  Detachment,  10901  New  Hampshire  Avenue, 

Silver  Spring,  Maryland  20903-5640 

It  is  a  well-established  experimental  result  that  the  exchange  coupling  between  ferromagnetic  metals 
Fe,  Co,  or  Ni  is  an  oscillatory  function  of  the  thickness  of  the  paramagnetic  spacer.  Theories  of  this 
coupling  are  almost  in  complete  unanimity  in  attributing  the  observed  periodicity  to  the  properties 
of  the  Fermi  surface  of  the  paramagnetic  spacer.  Little  has  been  done,  and  no  consensus  reached,  as 
to  the  origin  of  the  strength  of  the  coupling.  A  realistic  assessment  of  this  quantity  requires  the  use 
of  an  itinerant  picture  of  the  ferromagnetic  constituent.  From  a  recent  study  based  on  this  picture,^ 
it  became  clear  that  the  ratio  of  the  spin-split  band  gap  to  the  Fermi  energy  is  important  in 
establishing  not  only  the  strength  of  the  coupling,  but  the  phase  of  the  oscillations  in  the 
nonasymptotic  spacer  thickness  regime.  Here  we  extend  the  work,  which  was  limited  to  cases  in 
which  the  minority-spin  band  of  the  fenomagnet  was  energy  matched  to  the  paramagnetic  band,  to 
cases  in  which  the  match  is  to  that  of  the  majority-spin  band.  In  the  latter  arrangement,  electrons  of 
one  spin  are  trapped  in  a  well  whose  width  equals  the  thickness  of  the  spacer.  We  calculated  the 
spin-flip  current,  and  hence,  the  torque,  exerted  by  one  ferromagnet  on  the  other  as  the 
magnetization  direction  of  the  former  is  rotated  with  respect  to  that  of  the  latter.  As  in  the  earlier 
case,  the  torque  leads  to  higher-order  (in  the  cosine  of  the  angle  between  the  magnetizations  of  the 
ferromagnets)  coupling  as  well  as  the  usual  linear  coupling.  The  bound  states  produced  by  the 
quantum  well  structure  are  most  important  when  the  band  splitting  in  the  ferromagnet  is  large.  The 
new  features  produced  by  these  states  will  be  discussed;  in  particular,  their  effects  on  the  coupling 
strength  and  the  phase  shift  will  be  discussed. 


'R.  P.  Erickson  el  al,  Phys.  Rev.  47,  2626  (1993). 
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Ferromagnetic  resonance  studies  of  Py  bilayers  for  the  system 
(Permailoy/AlsOs)  (abstract) 

H.  Hurdequint,  N.  Bouterfas,  and  A.  Vaures 

Laboratoire  de  Physique  des  Solides,  UniversUe  ParisSud,  91405  Orsay  Cedex,  France 

We  report  a  detailed  ferromagnetic  resonance  study,  performed  at  X  band  and  room  temperature,  of 
magnetic  permalloy  (Py).bilayers  (Pyl/Al203/Py2)  deposited  by  rf  sputtering  on  mica  substrates.  We 
will  present  and  discuss  results  relative  to  two  series  of  Py  bilayers  characterized  by  an  ultrathin  Py 
layer  thickness  and  conesponding  to  the  two  following  sets  of  spacer  thickness  tj :  (40;30;19  A)  and 
(15;12;9  A).  These  films  have  been  deposited  at  room  temperature  and  subsequently  annealed  (at 
T=220  and  190  °C,  respectively,  for  these  two  sets).  The  resonance  spectrum  is  studied  as  a 
function  of  the  orientation  [0/,=(W,/f)  with  respect  to  the  film  normal  N]  of  the  applied  dc  field 
H  in  a  plane  perpendicular  to  the  film,  (i)  For  the  three  samples  of  the  first  series  the  resonance 
spectrum  is  composed  of  two  resolved  lines  which  can  be  attributed  to  the  resonances  of  the 
individual  layers  (Pyl  and  Py2)  dynamically  uncoupled.  As  for  a  single*  Py  layer,  the  angular 
variation  of  each  line  observed  is  well  accounted  for  in  terms  of  a  unique  parameter 

where  is  a  uniaxial  perpendicular  anisotropy  field  arising  from  the 
interface-induced  anisotropy.  The  anisotropy  fields  (for  Pyl)  and  (for  Py2)  are  found 
slightly  different  (i/yj2-H^i=500  G),  reflecting  some  dffferences  in  the  structural  characteristics  of 
the  (Py/Al203)  interfaces  in  the  two  Py  layers,  (ii)  In  the  second  series  of  lower  values,  by 
contrast,  the  observed  resonance  spectmm  is  more  complex  revealing  for  a  given  orientation  6/, 
two  main  modes  (with  a  more  intense  one)  and  for  specific  geometries  (around  0//=O)  the  presence 
of  other  resonance  modes  of  much  weaker  intensities.  For  these  samples  the  angular  variation 
of  the  different  modes  observed,  by  comparison  to  the  behavior  found  in  the  Py 
single-layer  control  sample,  provides  clear  evidence  for  the  presence  of  a  dynamical  coupling 
between  the  magnetizations  of  the  two  Py  layers.  The  main  mechanisms,  likely  responsible  for  this 
intermagnetic  layer  coupling,  will  be  discussed:  dipolar  coupling  and  exchange  coupling  (either 
direct  through  pinholes  or  indirect). 


‘Bouterfas  et  at.,  abstract  on  single  Py  layers  submitted  to  this  conference. 
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Exchange  coupling  in  [Dy|Er]  metallic  superlattices 

W.  T.  Lee,  H.  Kaiser,  and  J.  J.  Rhyne 

Research  Reactor  Center,  University  of  Missouri,  Columbia,  Missouri  65211 

K.  Dumesnil,  C.  Dufour,  Ph.  Mangin,  and  G.  Marchal 

Laboratoire  de  Physique  du  Solide,  University  of  Nancy  I,  54506  Vandoeuvre  les  Nancy  Cedex,  France 

R.  W.  Enwin  and  J.  A.  Borchers 

Reactor  Radiation  Division,  National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20899 

Magnetic  exchange  coupling  in  metallic  superlattices  of  [DyjEr],  grown  by  molecular-beam  epitaxy, 
has  been  examined  by  neutron  diffraction.  In  a  superlattice  of  65-A  layers  of  Dy  and  55-A  layers  of 
Er,  distinct  ordering  temperatures  were  observed  for  the  Dy  and  Er  layers.  Basal  plane  helical 
ordering  of  the  Dy  layers  was  initiated  at  temperatures  close  to  Tff  for  bulk  Dy  (178  K)  with  a 
long-range  interaction,  preserving  both  phase  and  chirality,  mediated  through  the  Er  layers.  At  a 
temperature  near  70  K,  the  helical  coupling  of  the  Dy  spins  is  replaced  by  an  antiferromagnetic 
coupling  of  adjacent  ferromagnetically  ordered  Dy  layers  coexisting  with  a  remanent  helical  order. 
At  a  temperature  well  below  T/f  of  bulk  Er,  c-axis  ordering  of  the  Er  spins  occurs  in  the  superlattice, 
and  in  measurements  at  10  K  there  is  evidence  of  basal  plane  moment  ordering  in  the  Er. 


INTRODUCTION 

Rare-earth  superlattices,  consisting  of  layers  of  a  mag¬ 
netic  rare  earth  alternated  with  layers  of  a  nonmagnetic  rare 
earth,*  have  provided  unique  insight  into  the  propagation  of 
long-range  magnetic  order  via  spin  density  wave  coupling 
mechanisms  and  on  the  effect  of  lattice  strains  on  the  occur¬ 
rence  of  different  periodic  moment  and  ferromagnetic  spin 
states. 

In  a  new  departure,  superlattices  have  recently  been 
grown  at  the  University  of  Nancy  that  consist  of  alternate 
layers  of  the  dissimilar  magnetic  elements  Dy  and  Er.  These 
superlattices  have  been  grown  by  molecular-beam  epitaxy 
(MBE)  techniqueo  and  have  been  examined  by  x-ray  and 
neutron  diffraction  and  magnetization  measurements.  Only 
the  neution  scattering  results  are  presented  in  this  article. 

In  bulk  elemental  form,  Dy  orders  at  178  K  (F^)  in  a 
helical  spin  structure  consisting  of  fenomagnetic  sheets  per¬ 
pendicular  to  the  c  v.'ystal  axis  that  are  rotated  from  plane  to 
plane  through  a  temperature-dependent  turn  angle.  Below  85 
K,  magneto-elastic  effects  destroy  the  helical  order  and  in¬ 
duce  a  ferromagnetic  "pin  state.  In  superlattices  of  [Dy|Y], 
epitaxial  clamping  of  i  e  Dy  to  the  larger  basal  plane  lattice 
of  Y  has  been  shown*  to  completely  suppress  the  ferromag¬ 
netic  transition  due  to  constraints  on  the  magnetostatic 
modes  that  drive  the  transition.  Conversely,  [Dy|Lu] 
superlattices^  exhibit  an  enhanced  ferromagnetic  transition 
temperature  due  to  the  epitaxy  of  the  Dy  to  the  smaller  Lu 
lattice. 

In  contrast  to  the  basal  plane  spin  ordering  of  Dy,  bulk 
Er  orders  initially  at  85  K  (F;v)  ^  sinusoidally  modulated 

moment  structure  with  spins  along  the  c  axis.  At  tempera¬ 
tures  below  about  56  K,  a  more  complex  structure  ensues 
involving  ordering  of  both  c-axis  and  transverse  (basal 
plane)  moment  components.  This  structure  collapses  into  a 


c-axis  conical  ferromagnetic  state  below  20  K.  Superlattices 
of  [Er|Y]  again  show  a  suppression  of  the  ferromagnetic 
state*  due  to  strain  effects. 


EXPERIMENTAL  DIFFRACTION  RESULTS 

Neutron  scattering  data  on  [DyjEr]  superlattices  were 
taken  at  the  University  of  Missouri  Research  Reactor  on  a 
triple-axis  spectrometer  with  the  analyzer  set  for  zero  energy 
transfer  and  used  to  minimize  background.  The  incident  neu¬ 
tron  wavelength  was  2.357  A  from  a  Si  monochromator.  Sol- 
ler  slit  collimations  of  27'-10'-23'-19'  were  used  before  and 
after  the  monochromator  and  analyzer,  respectively,  yielding 
an  elastic  resolution  width  of  0.0136  A“*.  In  a  superlattice 
consisting  of  65-A  layers  of  Dy  alternated  with  55-A  layers 
of  Er,  distinct  ordering  temperatures  were  observed  for  the 
Dy  basal  plane  and  Er  c-axis  moments.  Basal  plane  helical 
ordering  of  the  Dy  layers  was  initiated  at  temperatures  close 
to  Tf,  for  bulk  Dy.  The  occurrence  of  fully  resolved  super¬ 
lattice  harmonics  of  the  magnetic  satellites  symmetric  about 
the  (0002)  Bragg  reflection  (Fig.  1)  confirmed  that  the  order¬ 
ing  was  long  range,  extending  across  multiple  bilayers  and 
preserving  both  phase  and  chirality  of  the  Dy  spin  structure. 
This  coupling  was  mediated  through  the  Er  layers,  which  are 
ostensibly  paramagnetic. 

At  approximately  70  K,  the  Dy  layers  exhibit  a  collapse 
into  a  planar  ferromagnetic  state  with  the  adjacent  layers 
coupled  in  an  antiferromagnetic  arrangement.  This  is  mani¬ 
fested  by  the  appearance  of  an  additional  magnetic  diffrac¬ 
tion  peak  (and  harmonics)  between  the  principal  nuclear 
structural  peak  and  its  first  harmonic  (Fig.  2).  The  reflections 
associated  with  the  helical  spin  ordering  of  the  Dy  coexist 
with  the  antiferromagnetic  reflection,  but  diminish  in  inten¬ 
sity  at  lower  temperatures. 
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FIG.  1.  Diffraction  scan  along  (0002)  of  a  [Dy|Er]  superlattice  at  110  K  FIG.  3.  Tlim  angles  of  spins  in  the  Dy  and  Er  layers  as  a  function  of 

showing  the  development  of  long-range  helical  incommensurate  order  in  the  temperature.  The  results  for  bulk  Dy  and  Er  are  shown  for  comparison. 

Dy  planes  mediated  through  the  alternate  paramagnetic  Er  layers. 


At  temperature  below  the  Tf]  of  bulk  Er,  c-axis  ordering 
appears  for  the  Er  spins,  as  evidenced  by  the  appearance  of 
magnetic  satellites  about  the  (1010)  reflection.  The  scattering 
intensity  from  this  ordering  is  delineated  from  the  basal 
plane  components  by  geometrical  factors  in  the  scattering 


FIG.  2.  Scan  at  10  K  along  (0002)  exhibiting  an  additional  magnetic  peak 
between  the  principal  nuclear  structure  peak  and  its  first  harmonic  illustrat¬ 
ing  the  development  of  antiferromagnetic  coupling  of  alternate  Dy  layers, 
each  internally  ferromagnetically  ordered.  The  incommensurate  order  peaks 
suggest  a  remanent  ordering  of  the  Er  and  Dy  spins. 


cross  section.  Because  of  inadequate  statistics,  no  attempt 
was  made  to  calculate  magnetic  moment  values  from  these 
results.  In  the  10-K  (0002)  scan  shown  in  Fig.  2,  there  is 
evidence  of  a  shift  in  q  of  the  incommensurate  magnetic 
reflections  and  an  increase  of  intensity  over  that  observed  at 
30  K  that  suggests  an  ordering  of  the  basal  plane  components 
of  the  Er  structure  in  addition  to  the  vestigial  Dy  helical 
ordering. 

The  low  temperature  data  (e.g.,  10  K  in  Fig.  2)  also 
show  evidence  of  a  broad  magnetic  peak  underlying  the  pat¬ 
tern  and  centered  on  the  (0002)  nuclear  peak.  This  peak  has 
a  width  that  would  correspond  to  short-range  ferromagnetic 
correlations  of  approximately  17  A  range.  Similar  short- 
range  correlations  have  also  been  observed  in  other  rare- 
earth  superlattices’  at  low  temperature  and  have  been  as¬ 
cribed  to  spins  near  the  interfaces. 


TURN  ANGLES  AND  MAGNETIC  MOMENTS 

The  neutron  diffraction  data  have  been  analyzed  by 
least-squares  fitting  to  a  structure  factor  containing  both 
nuclear  and  magnetic  scattering  components  to  obtain  the 
magnetic  periodicity  in  both  the  Dy  and  Er  layers.  These 
results  are  shown  in  Fig.  3.  The  Dy  turn  angle  is  strongly 
temperature  dependent  and,  over  the  range  85  K<r<150  K, 
exhibits  similar  values  to  that  in  bulk  Dy.  Even  though  the  Er 
is  ostensibly  paramagnetic,  it  is  still  possible  to  assign  an 
“effective  turn  angle”  to  an  Er  spin  density  wave  induced  by 
the  Dy  helically  ordered  layer  moments.  The  existence  of  a 
spin-density-wave-like  coupling  is  manifested  by  the  phase 
coherence  of  the  helical  order  extending  over  several  bilay¬ 
ers.  This  Er  turn  angle  is  nearly  temperature  independent 
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over  the  range  analyzed,  60  k<r <150  JC,  with  a  value  near 
477plane.  This  is  roughly  comparable  with  that  found  in 
bulk  Er. 

The  helical  ordering  peaks  in  the  c*-axis  scans  have  also 
been  analyzed  to  obtain  the  Dy  moment  associated  with  the 
helical  ordering.  The  moment  values  range  from  (tA/ig  at  60 
K  down  to  4.8/iB  at  150  K.  The  low-temperature  moment 
values  are  lower  than  in  bulk  Dy  at  the  same  temperature 
(/ij-=o=10/iB)  and  exhibit  a  weaker  temperature  depen¬ 
dence. 

SUMMARY 

These  results  demonstrate  that  long-range  magnetic  or¬ 
der  occurs  in  superlattices  of  two  dissimilar  magnetic  rare 
earths,  Dy  and  Er,  and  that  the  Dy  spin  coupling  can  be 
propagated  through  Er  while  it  is  in  a  paramagnetic  state. 


The  Dy  and  Er  layers  exhibit  distinct  ordering,  temperatures 
not  far  from  their  bulk  counterpart  elements,  and  show  ap¬ 
proximately  the  same  magnetic  periodicity.  Further  work  is 
in  progress  with  superlattices  of  varying  Er  and  Dy  thickness 
to  examine  thickness  effects  on  the  magnetic  coherence  and 
the  role  of  epitaxial  strain  in  the  ordering  transitions. 
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Spin-valve  structures  exchange  biased  with  a-Tbo.23COo.77  layers 

R  P.  Freitas®’  J.  L  Leal,*”  T.  S.  Plaskett,  and  L  V.  Melo®’ 

INESC,  R.  Alves  Redol  9-1, 100!)  Lisbon,  Portugal 

J.  C.  Soares 

CFNUL,  Av.  Prof.  Gama  Pinto,  1010  Lisbon,  Portugal 

Spin  -alve  stniLlures,  glass/NiFel/Cu/NiFell/a-TbCo/Cu,  were  prepared  where  the  pinned 
Permalloy  layer  is  exchanged  biased  by  a  200  to  400  A  thick  fl-Tbo.23Coo.77  layer.  Exchange 
fields  between  50  and  250  Oe  were  achieved  with  TbCo  thicknesses  below  400  A,  for  a  pinned 
Permalloy  layer  150  A  thick.  The  exchange  fields  are  strongly  dependent  on  substrate  bias.  The 
magnetoresistance  of  these  stmctures  reaches  4.5%  when  thin  Co  layers  are  added  at  the  NiFe/Cu 
interfaces. 


INTRODUCTION 

Spin-valve  structures  consist  of  two  ferromagnetic  layers 
separated  by  a  low  resistivity  nonmagnetic  metal  spacer.*’^ 
One  of  the  ferromagnetic  layers  is  pinned  through  exchange 
coupling  to  an  antiferromagnetic  film,  while  the  other  ferro¬ 
magnetic  layer  is  free.  This  structure  provides  an  antiparallel 
alignment  of  the  ferromagnetic  layers  for  an  applied  field 
between  the  coercive  field  of  the  fi-ee  layer,  and  the  exchange 
field  at  the  pinned  layer.  Due  to  spin-dependent  scattering  in 
the  bulk  of  the  ferromagnetic  layers,  or  at  the  noble-metal/ 
ferromagnet  interfaces,  the  resistivity  is  higher  when  the  fer¬ 
romagnetic  layers  are  antiparallel,  and  lower  when  they  are 
parallel.  In  order  to  be  considered  for  magnetoresistive  head 
applications,  these  structures  must  surpass  Permalloy,  with  a 
magnetoresistance  (MR)  signal  of  2%-3%  at  room  tempera¬ 
ture  (RT)  and  coercivities  below  1  Oe  for  films  200-400  A 
thick.  A  typical  spin  valve  has  the  following  structure, 
substrate/NiFel/Cu/NiFell/FeMn/cap.  NiFel  is  the  free  Per¬ 
malloy  layer  {Ni8iFei9),  with  a  thickness  between  100  and 
200  A  in  order  to  maximize  the  spin-valve  MR  effect.  The 
Cu  layer  thickness  is  between  30  and  50  A,  thick  enough  to 
provide  continuity,  no  pinholes  and  to  avoi-’  s  >,7,  coupling 
between  NiFel  and  NiFell.  NiFell  is  pir.ned  through  ex¬ 
change  coupling  to  FeMn,  and  the  NiFell  thickness  deter¬ 
mines  the  exchange  field  Exchange  fields  up 

to  100  Oe  can  be  obtained  with  NiFell  thickness  ranging 
from  100  to  150  A,  and  FeMn  thickness  of  150  A.  In  order  to 
achieve  exchange  coupling,  FeMn  must  be  in  its  fee  antifer¬ 
romagnetic  phase,  which  requires  a  fee  seed  layer  (NiFell) 
and  correct  film  stoichiometry  (Fe48Mn52).  The  exchange 
field  value  can  only  be  controlled  by  varying  NiFell  thick¬ 
ness.  The  direction  of  the  induced  exchange  field  can  be 
chosen  by  deposition  under  a  small  magnetic  field,  or  by  a 
posteriori  field  annealing. 

Amorphous  ferrimagnetic  Tb.,Coi_,  films  have  been 
proposed  as  an  alternative  candidate  for  biasing  MR  heads, 
since  it  was  found  that  in  a  restricted  composition  range  they 
would  exchange  couple  to  Permalloy.'*”^  This  material  has 


’*Also  at  1ST,  R.  Rovisco  Pais,  1000  Lisbon,  Portugal. 

’'*A!so  at  CFNUL,  Av.  Prof.  Gama  Pinto,  1010  Lisbon,  Portugal. 


the  advantage  of  allowing  exchange  field  tuning  by  slight 
composition  variations,  substrate  RF  bias,  or  Tb^tCoj.^ 
thickness  variation. 

For  conventional  MR  Permalloy  head  applications,  a 
1500  A  thick  Tbo,28Coo.72  film  was  exchanged  coupled  to  a 
500  A  Permalloy  layer,  leading  to  an  exchange  field  of  100- 
150  Oe.^  For  250  A  thick  Permalloy  films,  these  authors 
quoted  exchange  fields  ranging  from  300  to  500  Oe.  A  dras¬ 
tic  decrease  in  the  exchange  field  was  reported  for  a  TbCo 
thickness  of  500  A.  Considering  spin-valve  applications,  a 
60-100  A  Permalloy  layer  is  needed  to  maximize  the  MR 
signal.  Also,  thinner  TbCo  layers  are  required  for  particular 
head  designs.  We  were  able  to  maintain  the  exchange  field 
within  the  required  limits  (100-200  Oe),  by  decreasing  the 
Tb^Coi  film  thickness,  and  by  using  a  different  Tb^CO) 
composition  with  a  small  in-plane  magnetization  component. 

In  this  work  we  show  that  TbCo  amorphous  films  with 
thicknesses  between  200  and  400  A  can  be  successively  used 
to  exchange  bias  spin  valves,  leading  to  exchange  fields  up  to 
250  Oe,  which  can  be  tuned  by  RF  substrate  bias,  or  by 
varying  the  TbCo  thickness.  The  spin  valves  produced  so  far 
have  a  MR  signal  close  to  4.5%. 


EXPERIMENTAL  METHOD 

The  spin  valves  were  prepared  in  an  automated 
NORDIKO  2000  sputtering  system  with  a  base  pressure  of 
2X 10"*  Torr.  A  mosaic  target  for  the  Tb;cCoi  alloy  was 
prepared  using  Co  squares  0.7  mm  thick  on  a  three  inch  Tb 
target.  We  aimed  at  a  Tb  content  leading  to  a  compensation 
temperature,  close  to  room  temperature,  that  is  0.23<jc 
<0.28.  For  these  compositions  the  rare-earth  and  transition 
metal  sublattices  compensate,  and  exchange  coupling  occurs. 
Four  mosaic  targets  were  studied,  giving  rise  to  the  following 
compositions  x=0.18,  0.23,  0.24,  and  0.27,  checked  by  the 
Rutberfoid  Backscattering  Analysis.  The  Tb^Coi.;^  films 
were  RF  sputtered  at  100  W  and  10  mTorr(Ar).  The  target  to 
substrate  distance  was  10  cm.  No  field  was  applied  during 
deposition  apart  from  the  residual  field  of  the  magnetron  of 
the  order  of  10-20  Oe,  in  the  plane  of  the  substrate.  RF 
substrate  bias  during  deposition  was  used  to  fine  tune  the 
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FIG.  1.  Hysteresis  loop  for  a  glass/NiFejjo  fJCaja  A^NiFeiso  /J 
TbCo3go  a/^30  a  spit  valve  with  an  exchange  field  of  230  Oe,  (a)  with  the 
applied  field  along  the  induced  in-piane  easy  axis,  and  (b)  with  the  applied 
perpendicular  to  the  easy  axis. 


in-plane  and  out-of-plane  magnetization  components.  Per¬ 
malloy  and  Cu  were  dc  sputtered  at  3  mTorr.  Room  tempera¬ 
ture  resistivities  for  500  A  thick  Permalloy,  Cu,  and  TbCo 
films  are,  respectively,  (27±2)/iflcm,  (5±2)/Ancm,  and 
(236±10)/Liflcm,  respectively.  Transport  measurements 
were  done  with  a  linear  four-point  dc  method,  on  samples  10 
mm  long  by  3  mm  wide. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

From  the  four  Tb;(Coi_^  compositions  prepared  only 
a:=0.23  and  a:=0.24  gave  exchange  coupling.  For 
a:=0.18,  we  found  in-plane  magnetization,  but  with  this 
composition  the  compensation  temperature  is  already  below 
room  temperature,  so  that  exchange  no  longer  occurs  at  300 
K.  For  a:= 0.27,  we  found  perpendicular  anisotropy  and  no 
exchange  coupling  to  the  adjacent  Permalloy  layer.  For 
jc=0.23  and  0.24,  we  find  dominant  perpendicular  anisot¬ 
ropy  in  the  TbCo  layer,  but  there  is  a  small  in-plane  magne¬ 
tization  component  that  is  strongly  bias  dependent.  The  com¬ 
pensation  temperature  is  around  120  °C.  Unidirectional  in¬ 
plane  anisotropy  is  induced  in  the  NiFell  layer,  leading  to 
well-defined  easy-direction  hysteresis  loops. 

Figure  1  shows  the  hysteresis  loop  for  a  glass/ 
N«Fe25o  a/Cu3o  A/NiFe,5o  A/TbCojgo  a/Cujo  a  structure,  with 
the  field  applied  along  the  induced  in-plane  easy  axis  (a),  or 
perpendicular  to  the  easy-axis  (b).  The  exchange  field  is  230 
Oe,  and  the  coercivity  of  the  free  NiFel  layer  is  8  Oe. 

Figure  2(a)  shows  the  spin -valve  exchange  field  depen¬ 
dence  on  Tbo23Coo77  thickness  for  a  fixed  NiFell  thickness 
of  150  A,  as  well  as  the  temperature  dependence  of  the  ex¬ 
change  field.  Above  TbCo  thicknesses  of  500  A,  is  prac¬ 
tically  constant.  A  drastic  decrease  occurs  below  2(K)  A,  with 
the  unidirectional  anisotropy  becoming  too  weak  below  100 


FIG.  2.  (a)  Exchange  field  dependence  on  the  thickness  of  the  TbCo  layer 
for  fixed  NiFell  layer  thickness,  and  exchange  field  dependence  on  tempera¬ 
ture.  (b)  Dependence  of  the  coercive  field  on  the  free  Permalloy  layer 
(NiFel)  on  the  Cu  spacer  thickness,  for  a  TbCo  exchange  layer  380  A  thick. 
This  result  clearly  indicates  coupling  across  the  Cu  layer. 


A.  This  decrease  could  be  associated  to  a  reduction  of  the 
in-plane  component  of  the  magnetization,  related  to  the  ini¬ 
tial  stages  of  growth  of  the  TbCo  film  on  the  Permalloy 
layer.'*  The  exchange  field  decreases  linearly  with  tempera¬ 
ture  increase,  vanishing  slightly  above  the  compensation 
temperature  (7’= 120  °C). 

Figure  2(b)  shows  the  coercive  field  of  the  free  Permal¬ 
loy  layer  (NiFel)  of  the  spin  valve,  as  a  function  of  Cu  .spacer 
thickness.  The  coercive  field  of  both  Permalloy  layers  in  a 
glass/NiFel/Cujo  A/NiFell  structure  is  1.5  Oe.  When  a  380  A 
TbCo  layer  is  deposited  on  top  of  the  NiFell,  the  coercivity 
of  the  NiFel  layer  increases  to  10  Oe,  decreasing  gradually 
as  the  Cu  thickness  increases,  to  a  value  of  2.5  Oe  for  a  Cu 
thickness  of  500  A.  This  is  a  clear  indication  of  coupling 
across  the  Cu  layer.  The  coupling  decreases  and  becomes 
negligible  for  Cu  thicknesses  larger  than  400-500  A. 

Figure  3  shows  the  spin-valve  hysteresis  loops  for  dif¬ 
ferent  substrate  bias  voltages.  The  results  were  compared 
with  hysteresis  loops  for  a  single  380  A  thick  Tbo,23Coo.77 
layer  grown  on  Si,  and  capped  by  30  A  of  Cu,  at  the  same 
substrate  bias  voltages  (see  the  inserts).  Three  regimes  are 
found.  Moderate  substrate  bias  (from  0  up  to  -35  V)  de¬ 
creases  the  exchange  field  from  250  to  100  Oe.  In  this  bias 
range,  strong  perpendicular  anisotropy  is  found  in  the  TbCo 
layer.  For  bias  voltages  between  -40  and  -60  V  a  symmet¬ 
ric  hysteresis  cycle  is  observed  foi  the  spin  valve.  The  TbCo 
layer  has  similar  in-plane  and  perpendicular  magnetization 
components.  The  symmetric  hysteresis  cycle  occurs  because 
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FIG.  3.  Hysteresis  loops  for  the  spin  valve  as  a  function  of  substrate  voltage 
bias.  In  the  inserts  we  show  data  for  a  single  layer  TbCo  film  380  A  thick  on 
Si(data  from  - 10  000  to  10  000  Oe).  Assymetric  hysteresis  cycles  are  ob¬ 
served  when  the  TbCo  layer  has  strong  perpendicular  anisotropy.  For  a  bias 
voltage  of  -'12  V,  a  symmetric  hysteresis  loop  is  observed,  corresponding  to 
a  larger  in-plane  magnetization  component  in  the  TbCo  layer. 


the  applied  field  is  strong  enough  to  reverse  the  TbCo  in¬ 
plane  magnetization  component.’  For  bias  greater  than  -60 
V  a  small  unidirectional  anisotropy  reappears,  corresponding 
to  a  return  to  strong  perpendicular  anisotropy  in  the  TbCo 
layer.  A  RBS  analysis  of  samples  prepared  under  substrate 
bias  indicate  that  for  a  bias  voltage  of  -180  V,  the  Co  con¬ 
tent  has  decreased  by  almost  5  at.  %,  and  Ar  has  begun  to  get 
incorporated  in  the  sample  (up  to  7  at.  %). 

Figure  4  shows  the  MR  signal  for  two  spin-valves,  at 
room  temperature,  one  with  the  structure  previously  de¬ 
scribed,  and  with  a  MR  of  2%  (a),  and  ..nother  where  a  10  A 
Co  layer  was  introduced  at  the  NiFe/Cu  interfaces,®  leading 
to  a  MR  of  4.5%  (b).  This  is  evidence  for  the  strong  role  of 
interface  spin-dependent  scattering  at  the  Co/Cu  interfaces, 
apart  from  bulk  spin-dependent  scattering  in  the  NiFel  and 
NiFell  layers.  The  MR  was  measured  with  the  cunent  along 
the  length  of  the  sample,  perpendicular  to  the  easy  axis  and 
the  applied  field. 

CONCLUSIONS 

Spin  valves  have  been  successively  prepared,  where  the 
exchange  coupling  layer  is  an  amorphous  ferrimagnetic 


H(Oe) 


FIG.  4.  Magnetoresistance  signal  for  tv/o  spin  valves:  one  with  the  conven¬ 
tional  structure  described  so  far  (a),  and  another  with  10  A  Co  introduced  at 
the  NiFe/Cu  interfaces  (b). 

Tbo.23Coo.77  alloy,  200-400  A  thick.  The  exchange  field  can 
be  varied  by  almost  two  orders  of  magnitude,  either  by 
changing  TbCo  substrate  bias,  or  TbCo  thickness.  The  coer- 
civity  of  the  unpinned  Permalloy  layer  is  slightly  degraded 
due  to  coupling  across  the  Cu  layer.  The  substrate  bias 
strongly  affects  the  exchange  field  and  the  "TiCo  anisotropy. 
MR  signals  up  to  4.5%  were  observed  in  spin  valves,  where 
a  10  A  Co  layer  was  introduced  in  between  the  Permalloy 
and  the  Cu  layers. 
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Mossbauer  spectroscopy  with  ’^*Eu  nuclei  was  applied  to  study  magnetic  properties  of  Fe/Eu 
multilayers  as  a  function  of  the  Eu  layer  thickness.  The  Mossbauer  spectra  at  4.2  K  for  [Fe(40 
A)/Eu(;c  A)]'with  x=70,  100,  and  200  consist  of  two  magnetic  components:  a  major  component 
with  hyperhne  parameters  close  to  those  of  bulk  Eu  metal  and  an  additional  component  with  a 
smaller  hyperfine  field.  The  latter  component  is  attributed  to  Eu  at  the  interface  region.  The 
spectrum  at  4.2  K  for  [Fe(40  A)/Eu(30  A)]  has  only  a  component  with  a  reduced  hyperfine  field, 
indicating  that  the  Eu  layers  lose  the  bulk  magnetic  properties. 


i.  INTRODUCTION 

Fe/rare-earth  (RE)  multilayers  show  a  variety  of  mag¬ 
netic  properties  dependent  on  the  sort  of  RE  metals.  For 
example,  Fe/Gd  multilayers,  which  are  composed  of  two  fer¬ 
romagnetic  metals  with  relatively  small  magnetocrystalline 
anisotropy,  exhibit  characteristic  spin  structures  on  account 
of  the  antiferromagnetic  coupling  at  the  interfaces.'"'*  Per¬ 
pendicular  magnetic  anisotropy  is  observed  in  Fe/Tb,^"** 
Fe/Dy,®’*”’**  and  Fe/Nd  multilayers  when  the  Fe  and  RE 
layer  thicknesses  are  properly  controlled.  From  a  systematic 
study  on  the  Fe  spin  directions  for  all  the  Fe/RE  systems, 
perpendicular  magnetic  anisotropy  is  found  also  in  Fe/Pr 
multilayers.*'*  The  RE  layers  are  usually  polycrystalline  with 
no  preferred  orientation,  and  the  magnetic  structures  often 
turn  out  to  be  complicated.  It  has  been  rare  that  information 
on  tlie  local  magnetism  in  the  RE  layers  is  obtained;  only  a 
'*‘Dy  Mossbauer  study  on  Fe/Dy  multilayers  is  reported  so 
far.'^  In  order  to  study  the  intrinsic  RE  magnetism  in  Fe/RE 
multilayers,  local  magnetic  properties  should  be  investigated 
for  crystallographically  oriented  RE  layers. 

In  this  article,  magnetic  properties  of  Fe/Eu  multilayers 
are  studied  with  ’^*Eu  Mossbauer  measurements.  Eu  is  diva¬ 
lent  in  the  bulk  metal.  The  bulk  Eu  metal  is  antiferromag¬ 
netic  below  90  K  with  a  helical  spin  structure  and  the  mag¬ 
netic  anisotropy  is  relatively  small.  The  crystal  structure  is 
bcc,  in  contrast  with  the  other  trivalent  RE  metals  with  hex¬ 
agonal  structures.  Thus,  rather  simple  crystallographic  and 
magnetic  structures  are  expected  to  be  realized  in  thin  Eu 
layers.  Besides,  since  there  is  no  solid  solution  or  interme- 
tallic  compound  for  the  Fe-Eu  binary  ..ystem  in  equilibrium 
states,  chemically  sharp  interfaces  arc-  expected  for  Fe/Eu 
multilayers.  Information  on  local  Eu  ir.agnetism  is  obtained 
by  Mossbauer  spectroscopy  with  ‘^*Eu,  which  is  one  of  the 
most  convenient  Mossbauer  isotopes  among  RE  elements. 

II.  EXPERIMENTAL 

Fe/Eu  multilayers  were  prepared  by  alternate  deposition 
in  ultrahigh  vacuum.  The  films  were  deposited  on  polyimide 
films  that  were  kept  at  -50  °C.  Tlie  Fe  layer  thickness  was 
fixed  to  be  40  A,  and  the  Eu  layer  thickness  was  changed 
from  30  to  200  A.  Two  reference  samples  were  also  pre¬ 
pared:  a  Eu(3000  A)  film  sandwiched  with  Fe(100  A)  layers 


to  examine  the  magnetic  properties  of  a  sufficiently  thick  Eu 
layer,  and  a  film  with  the  nominal  thickness  of  [Fe(l  A)/Eu(4 
A)]  to  check  the  possibility  of  forming  a  nonequilibrium  al¬ 
loy.  Since  Eu  is  one  of  the  most  reactive  RE  metals,  the 
deposition  was  started  wijh  an  Fe  layer  and  ended  with  an  Fe 
layer  and  a  Cu  protection  layer  was  put  on  top  of  it. 

*^*Eu  Mossbauer  spectra  were  measured  with  a  '^'SmFy 
source  by  a  conventional  absorption  method.  The  spectra 
were  taken  at  300  K  and  4.2  K  v'ith  the  source  and  absorber 
at  the  same  temperature.  Isomer  shifts  are  expressed  relative 
to  the  ’^'SmFy  source. 


III.  SAMPLE  CHARACTERIZATION 

The  structures  of  the  prepared  samples  were  checked 
with  x-ray  diffraction  measurements.  The  multilayer  samples 
show  well-established  artificial  periodic  structures.  The  Fe 
layers  (40  A)  have  a  bcc  polycrystalline  structure  and  the  Eu 
layers  (from  30  to  3000  A)  have  a  bcc  structure  with  (110) 
texture.  Since  the  crystal  parameters  of  Fe  and  Eu  do  not  fit 
well,  epitaxial  growth  is  not  expected  in  this  system.  There  is 
no  oxide  peak  or  hydride  peak  in  he  x-ray  patterns  taken  Just 
after  the  preparation.  However,  peaks  from  EuO  appear  in 
several  days.  The  Eu  layers  are  oxidized  gradually  as  the 
time  passes.  The  *^'Eu  Mossbauer  spectra  also  change  in 
several  weeks,  so  that  only  the  spectra  for  nonoxidized 
samples  are  treated  in  this  article. 

The  x-ray  diffraction  patterns  for  the  reference  sample 
[Fe(l  A)/Eu(4  A)]  have  strong  peaks  from  Eu(llO)  and 
Eu(220)  and  a  diffuse  peak  from  Fe(llO).  The  sample  ap¬ 
pears  to  be  composed  of  segregated  bcc  Eu  grains  and  amor- 
phouslike  Fe  grains  rather  than  of  a  nonequilibrium  alloy. 

According  to  an  ®’Fe  Mossbauer  study  on  [Fe(^''  A)/ 
RE(30  A)],  the  Fe  layers  have  an  interface  ferromagnetic 
component  with  reduced  hyperfine  fields  beside  a  major 
component  from  inner  ferromagnetic  or-Fe.*'*  For  the  Fe/Eu 
system,  the  corresponding  Fe  thickness  of  the  interface  com¬ 
ponent  is  less  than  3  A,  the  smallest  among  all  the  Fe/RE 
systems.  Chemically  sharp  interfaces  are  realized  in  this  sys¬ 
tem  on  account  of  immiscibility  between  Fe  and  Eu. 
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FIG.  1.  '’'Eu  Mossbauer  spectra  at  4.2  K  for  (a)  Eu(3000  A),  (b)  [Fc(40 
A)/Eu{200  A)],  (c)  [Fe(40  A)/Eu{100  A)],  (d)  [Fe(40  A)/Eu(70  A)],  (e) 
[Fe(40  A)/Eu(30  A)],  and  (f)  [Fe(l  A)/Eu(4  A)]. 

IV.  MOSSBAUER  RESULTS 

The  *^*Eu  Mossbauer  spectra  of  the  Fe/Eu  multilayers  at 
300  K  are  almost  nonmagnetic.  According  to  ^’Fe  Mossbauer 
and  magnetization  measurements,  the  Fe  layers  are  ferro¬ 
magnetic  at  300  K,  and  the  Eu  magnetic  moments  at  the 
interface  region  are  magnetically  ordered  through  an  ex¬ 
change  interaction  between  the  interface  Fe.  The  interface 
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FIG.  2.  Relative  area  of  the  component  with  a  reduced  hyperfine  field  as  a 
function  of  the  Eu  layer  thickness. 
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FIG.  3.  (a)  Isomer  shifts  and  (b)  hyperfine  fields  of  each  component  of  the 
'^'Eu  Mossbauer  spectra  at  4.2  K  as  a  function  of  the  Eu  layer  thickness. 

magnetic  component  is,  however,  not  clearly  observed  in  the 
Eu  Mossbauer  spectra.  The  time  dependence  of  the  spectra 
shows  that  the  Eu  layers  are  gradually  oxidized  to  be  EuO  as 
the  time  passes. 

The  Mossbauer  spectra  for  all  the  prepared  samples  at 
4.2  K  are  shown  in  Fig.  1.  The  spectrum  for  the  Eu(3000  A) 
film  is  fitted  with  a  single  magnetic  component  with  the  iso¬ 
mer  shift  of  -7.74  mm/s  and  the  hyperfine  field  of  24.8  T. 
The  hyperfine  parameters  are  close  to  the  bulk  values,  show¬ 
ing  that  the  film  is  composed  of  metallic  Eu.  The  spectra  for 
[Fe(40  A)/Eu(x  A)]  with  x=70, 100,  and  200  cannot  be  fitted 
with  a  single  component  with  the  bulk  hyperfine  parameters, 
but  an  extra  component  with  a  smaller  hyperfine  field  coex¬ 
ists.  The  spectrum  for  [Fe(40  A)/Eu(30  A)]  has  only  a  com¬ 
ponent  with  a  reduced  hyperfine  field,  suggesting  that  the  Eu 
layers  lose  the  bulk  properties.  The  spectrum  for  [Fe(l  A)/ 
Eu(4  A)]  is  similar  to  that  for  [Fe(40  A)/Eu(30  A)].  Thus,  all 
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the  spectra  are  fitted  with  two  components:  component  A 
with  hyperfine  parameters  similar  to  that  of  bulk  Eu  metal, 
and  component  B  with  a  reduced  hyperfine  field.  The  relative 
area  of  the  component  B  as  a  function  of  the  Eu  layer  thick¬ 
ness  is  shown  in  Fig.  2.  The  isomer  shifts  and  hyperfine 
fields  for  each  component  are  also  shown  in  Figs.  3(a)  and 
3(b). 

The  magnetization  curve  {M-H  curve)  for  the  multilay¬ 
ers  at  each  temperature  is  explained  with  superposition  of  a 
ferromagnetic  curve  with  saturation  magnetization  and  a 
para(antiferro)magnetic  curve  with  magnetic  susceptibility  x- 
M{H)=M,+xH.  The  A/j  and  x  are  both  temperature  de¬ 
pendent.  The  ferromagnetic  part  is  due  to  the  Fe  layer  mag¬ 
netization  and  antiferromagnetically  coupled  interface  Eu 
magnetization.  The  para(antifeno)magnetic  component  is  a 
contribution  from  the  Eu  magnetic  moments  at  the  inner  part 
of  the  Eu  layers.  From  the  temperature  dependence  of  x,  the 
Neel  temperature  is  estimated  to  be  about  90  K  for  Eu(3000 
A)  and  about  80  K  for  [Fe(40  A)/Eu(100  A)].  For  [Fe(40 
A)/Eu(30  A)],  the  magnetic  transition  is  not  observed  clearly 
in  the  x-T  curve.  The  detail  of  the  results  on  the  magnetiza¬ 
tion  measurements  will  be  published  elsewhere.  ' 

With  the  results  of  the  magnetization  measurements 
taken  into  consideration,  the  '^'Eu  Mossbauer  spectra  of  the 
Fe/Eu  multilayers  are  explained  as  follows:  the  component  A 
is  attributed  to  the  inner  Eu  with  the  magnetic  properties 
close  to  the  bulk  properties,  and  the  component  B  to  the 
interface  Eu.  The  corresponding  Eu  thickness  of  the  interface 
component  is  estimated  to  be  6-14  A  per  interface.  As  men¬ 
tioned  previously,  the  interfaces  of  Fe/Eu  multilayers  are 
rather  chemically  sharp,  so  that  the  reduction  of  the  hyper¬ 
fine  field  is  probably  due  to  intrinsic  interface  effects  rather 
than  due  to  a  nonequilibrium  alloy.  The  spectrum  for  [Fe(40 
A)/Eu(30  A)]  has  only  the  component  with  a  reduced  hyper¬ 
fine  field  and  shows  no  indication  of  the  existence  of  the  bulk 
Eu  component.  The  reduction  of  hyperfine  fields  appears  not 
only  due  to  the  interface  effect  but  also  due  to  a  size  effect  or 
strain  effect.  The  hyperfine  field  of  [Fe(l  A)/Eu(4  A)]  may 
also  be  reduced  with  the  same  mechanism. 


V.  SUMMARY 

Magnetic  properties  of  Fe/Eu  multilayers  are  studied  as  a 
function  of  the  Eu  layer  thickness  using  ’^*Eu  Mossbauer 
spectroscopy  for  the  first  time.  The  spectra  at  4.2  K  for 
[Fe(40  A)/Eu(x  A)]  with  x=70, 100,  and  200  consist  of  two 
magnetic  components:  a  component  from  the  inner  Eu  with 
the  hyperfine  parameters  close  to  bulk  Eu,  and  a  component 
from  the  interface  Eu  with  a  reduced  hyperfine  field.  For 
[Fe(40  A)/Eu(30  A)],  only  a  component  wit'h  a  reduced  hy¬ 
perfine  field  exists.  The  Eu  layers  appear  to  lose  the  bulk 
magnetic  properties.  A  thin-film  effect  such  as  a  size  effect 
and  strain  effect  is  thought  to  affect  the  magnetic  properties 
of  the  Eu  layers. 
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Magnetic  systems  consisting  of  a  capping  layer  with  uniaxial  anisotropy  and  a  recording  layer  with 
vertical  anisotropy  are  studied  by  means  of  a  variational  method  for  a  continuum  model  covering  the 
exchange,  anisotropy,  and  Zeeman  energies.  The  phase  transitions  between  different  alignments  of 
magnetization  are  observed  when  the  thickness  of  the  capping  layer  and/or  the  temperature  is  varied. 
For  the  capping  layer  with  in-plane  anisotropy,  the  phase  transitions  are  in  second  order  and  the 
critical'  behaviors  are  characterized  by  a  critical  exponent  5.  For  the  capping  layer  with  vertical 
anisotropy,  the  phase  tran^.'.'ions  are  in  first  order.  The  analytic  expressions  of  the  critical  points  are 
presented,  in  terms  of  tt  ■  .elevant  magnetic  constants. 


I.  INTRODUCTION 


Magnetic  multilayer  systems  have  attracted  much  atten¬ 
tion  recently  from  both  fundamental  and  practical  points  of 
view.  The  magnetic  double-layer  systems  studied  in  this 
work  consist  of  a  capping  layer  of  uniaxial  anisotropy,  layer 
1,  and  a  recording  layer  of  vertical  anisotropy,  layer  2,  with  a 
geometric  structure  shown  in  Fig.  1.*’^  The  capping  layer  is 
of  in-plane  anisotropy  in  system  1  and  of  vertical  anisotropy 
in  system  II.  We  set  the  z  axis  vertically  to  the  layers  and  the 
origin  at  the  interface.  The  direction  of  magnetization  <p  is 
measured  from  the  negative  direction  of  the  z  axis  while  an 
external ‘field  //„,  applied  along  the  z  axis  is  chosen  to  be 
positive.  The  thickness  of  the  capping  layer  is  denoted  by  a 
and  the  thickness  of  the  recording  layer  is  taken  to  be  infinity 
as  a  sufficient  approximation.' 

The  total  magnetic  energy  per  unit  area  for  system  I  is 
expressed  as 


in] 

dzj 


2 

cos^  (p+MsiH„t  cos  <p 


dz 


+K2  sin^  (p+M,2ffex{  cos  (p 


dz. 


(1) 


Typical  magnetic  constants  at  room  temperature  are 
i4i=1.0X10“’  erg/cm,  Xi=0.25Xl0*  erg/cm^  and 
A/j  1=200  emu/cm^  for  the  capping  layer,  while 
i42=2.0X10-’  erg/cm,  /f2=2.0X10*  erg/cm^,  and  A/^2=90 
emu/cm^  for  the  recording  layer.  The  exchange  coupling  be¬ 
tween  the  two  layers  is  supposed  to  be  ferromagnetic  and  is 
taken  into  account  imposing  that  the  direction  of  magnetiza¬ 
tion  should  be  continuous  at  the  interface.'’^ 


The  left-hand  side  of  the  above  equation  is  finite  and 
decreases  continuously  with  tp^  while  increases  uniformly 
with  q.  Therefore,  for  a  value  of  \Ia^C^AiKi,  there  exists  a 
critical  thickness  below  which  <pa=0  and  thus  ^z)=0  in  the 
whole  system,  in  spite  of  the  fact  that  the  magnetization  is 
directed  against  the  easy  axis  in  the  capping  layer.  A  phase 
transition  from  the  above  trivial  configuration  to  one  with 
nonzero  <p(z),  which  is  determined  by  Eq.  (2),  occurs  at  this 
critical  thickness.  Since  the  left-hand  side  of  Eq.  (2)  assumes 
its  maximum  at  <Pfl=0,  the  phase  transition  is  in  second  order 
and  the  critical  thickness  is  derived  from  Eq.  (2)  (Ref.  1): 


It  is  easy  to  see  that  this  critical  point  coincides  with  the 
minimal  thickness  of  the  capping  layer  that  exhibits  the  cap¬ 
ping  effect  in  magnetic  double-layer  systems.'’'*  The  critical 
behavior  for  %  is  derived  analytically  as'’* 


•Pfl  ^0^  (^) 

and  is  shown  in  Fig.  2(a).* 

A  phase  transition  between  difr’erent  a!  ij-.iments  of  mag¬ 
netization  is  also  observed  in  a  system  with  fixed  thickness 
when  the  temperature  is  varied.^  This  phenomenon  can  be 
understood  from  the  above  arguments,  noting  that  a  value  of 
thickness  larger  than  the  critical  value  in  Eq.  (3)  in  a  low- 
temperature  region  becomes  less  than  that  in  a  high- 
temperature  region.  The  critical  behavior  is^’* 

9„=9„X^/7V7W,  (5) 


II.  SYSTEM  I:  CAPPING  LAYER  OF  IN-PLANE 
ANISOTROPY 

For  the  sake  of  simplicity,  let  us  consider  the  case  of  null 
external  field.  The  equation  for  the  direction  of  magnetiza¬ 
tion  at  the  top  surface,  (p„ ,  is  derived  by  a  variational  method 
on  energy  (1)  as 

sn[ay]Ki/Ai,  sin  (pj  I  A  2^2 

cn[ayjKi/Ai,  sin  tp^]  ^^1^1 

with  Jacobian  elliptic  functions.'  The  total  configuration  of 
magnetization  is  expressed  in  terms  of  <pa . 


z 


capping  iayer 

recording  layer 

FIG.  1.  Geometric  structure  of  the  double-layer  system  studied  in  the 
present  work. 
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FIG.  2.  (a)  Thickness  a  dependence  ■'^f  the  direction  of  magnetization  at  the 
top  surface  for  system  I.  (b)  Same  as  (a)  e .’tcept  for  temperature  dependence. 


and  is  shown  in  Fig.  2(b)  with  7’<.-130  °C.^  The  critical  tem¬ 
perature  is  also  determined  by  Eq.  (3)  provided  that  an,i„  is 
replaced  by  the  capping  film  thickness  of  the  system  under 
study  and  that  the  temperature  dependences  of  the  relevant 
magnetic  constants  are  involved. 

It  is  worthy  to  point  out  that  the  phase  transition  accord¬ 
ing  to  variance  of  the  temperature  could  be  used  as  a  new 
device  for  magneto-optical  recording  where  a  laser  pulse  ad¬ 
justs  the  temperature.^ 

The  mechanism  of  phase  transitions  under  a  finite  exter¬ 
nal  field  is  the  same  with  that  for  null  field  and  the  critical 
thickness  is  given  by* 


v’o[deg] 


FIG.  3.  (a)  Hysteresis  loop  (solid  line:  o  =  100  A;  dashed  line:  a =200  A)  of 
the  direction  of  magnetization  at  the  top  surface  for  system  II.  (b)  Same  as 
(a)  except  for  at  the  interface. 


sn[fl,A:]dn[a,^] 


cn[fl,A:] 

I  -2  cos  (p^+MsiH^/Ki 
\  2 -  { 1  +  tan\<pJ2)cn^[d,k])Ms2H,JK2 


(7) 


with 


rumUt  -I 

ViCi+A/„//exi/2  Va,(a:,+a/„//„,/2)- 


(6) 


a  =  a\jKi!Ai\j-cos 
and 


III.  SYSTEM  II:  CAPPING  LAYER  OF  VERTICAL 
ANISOTROPY 

For  system  II,  cos  ip  in  Eq.  (1)  is  replaced  by  sin  <p  and  a 
finite  external  field  is  necessary  in  order  to  observe  phase 
transitions.  For  comparison,  the  same  magnetic  constants  are 
used  for  numerical  calculations  in  what  follows  except  for 
that  A/j  1=150  emu/cm^  is  adopted  since  a  larger  magnetiza¬ 
tion  will  cause  the  easy  axis  to  be  in-plane  from  the  geo¬ 
metrical  effect. 

For  system  II,  Eq.  (2)  is  replaced  by 


^2_sin^(ya/2)(l-cos  (Pa+M,yHJKx) 

(-2  cos  (Pa+Mj,//„,/A:i) 

Hysteresis  loops  for  system  II  are  shown  in  Figs.  3(a) 
and  3(b).  There  are  two  vertical  parts  in  each  branch  of  the 
hysteresis  loops.  The  ones  for  the  weak  fields  correspond  to 
magnetization  reversals  in  the  capping  layer,  while  those  for 
the  strong  fields  are  associated  with  the  complete  magnetiza¬ 
tion  reversals  in  the  whole  system.  The  phase  transitions  dis¬ 
cussed  in  the  present  section  are  related  to  the  formers. 
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<Po[deg] 


FIG.  4.  Thickness  a  dependence  of  t-he  diretdcn  cf  r.’agnetization  at  the  top 
surface  for  system  11. 


The  phase  transition  between  the  trivial  configuration 
(p(z)-0  and  a  configuration  characterized  by  a  nonzero  <Pa, 
according  to  variance  of  the  thickness  a,  is  in  first  order  as 
shown  in  Fig.  4.  The  dependence  of  the  critical  thickness  on 
the  external  field  is  displayed  in  Fig.  5.  We  have  found  that 
the  present  numerical  results  fit  satisfactorily  to  the  follow¬ 
ing  logarithmic  function: 


//cxi(Oc] 


FIG.  S.  Dependence  of  the  critical  thickness  on  the  external  field  for  system 
II  [solid  line:  numerical  results  according  to  Eq.  (7);  dashed  line;  curve  of 
Eq.  (8)]. 


with  Hq==20  kOe.  The  divergence  of  at  null  external 
field  and  the  slow  drop  with  the  external  field  show  sharp 
contrasts  with  the  behavior  of  Eq.  (6). 

A  similar  first-order  phase  transition  can  be  observed  in 
system  II  when  the  temperature  is  varied,  provided  that  tem¬ 
perature  dependences  of  the  saturation  magnetizations  are 
given. 

IV.  SUMMARY 

To  summarize,  we  hftve  studied  double-layer  systems 
with ‘different  anisotropies.  Phase  transitions  between  differ¬ 
ent  magnetization  configurations  have  been  observed  and  the 
responsible  mechanism  is  revealed.  The  critical  point  a^in 
corresponds  to  the  minimal  thickness  of  the  capping  layer, 
which  achieves  better  field  sensitivity  compared  with  that  of 
singie-magnetic-layer  recording.  The  present  study  will  shed 
light  on  the  design  of  multilayer  recording  media. 

Critical  phenomena  of  a  <p^  model  for  paraferromagnetic 
phase  transition  in  a  system  consisting  of  a  thin  layer  and  a 
semi-infinite  bulk  has  also  been  studied  by  mean-field  theory, 
and  the  renormalization  group  theory  is  used  to  investigate 
the  effect  of  thermal  fluctuations.^ 
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achieved  for  the  critical  thickness.  Unfortunately,  the  dependence  of  the 
critical  thickness  on  the  relevant  magnetic  constants  as  that  in  Eq.  (3)  has 
not  been  revealed.  No  detailed  discussion  about  the  critical  exponent  was 
given,  and  their  value  of  the  critical  exponent  seems  to  be  unit,  different 
from  the  present  one  in  Eq.  (4). 

^Although  sin  decays  and  linear  ones  of  stiffness  constants  A ’s  and  anisot¬ 
ropy  constants  K’s,  respectively,  as  the  temperature  is  increased  from 
room  temperature  towards  the  critical  points  (7'fi=180°C  and 
Ta  =270  °C),  have  been  assumed  in  order  to  derive  numerical  results 
shown  in  Fig.  2(b),  we  notice  that  these  assumptions  do  not  affect  the 
critical  behaviors. 
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The  temperature-dependent  electron-spin-resonance  linewidth  AH(T)  may  be  used  to  investigate 
the  effect  of  the  geometry  and  interlayer  material  on  the  magnetic  properties  of  multilayered 
systems.  We  compare  AH(T)  in  CuMn/Al203  multilayers  with  previous  measurements  of  CuMn/Cu 
samples.  CuMn/Al203  samples  with  CuMn  thicknesses,  Wsq,  from  40  A  to  20  000  A  obey  the  same 
form  as  the  CuMn/Cu  system,  but  show  quantitative  differences  in  the  fitting  parameters.  The 
linewidths  of  the  CuMn/Al203  samples,  even  in  the  bulk,  are  systematically  larger  than  the 
linewidths  for  the  CuMn/Cu  samples,  suggesting  that  the  ESR  linewidth  is  sensitive  to  differences 
in  sample  growth  and  structure.  TTie  value  of  the  minimum  linewidth  decreases  with  decreasing  Wso 
in  the  CuMn/Al203  series,  but  remains  constant  in  the  CuMn/Cu  series.  Although  susceptibility 
measurements  of  the  freezing  temperature  do  not  differentiate  between  samples  with  Wsq^SOOO 
A,  the  ESR  linewidth  is  sensitive  to  changes  at  larger  length  scales.  This  experiment  emphasizes  the 
importance  of  considering  both  the  total  sample  thickness,  as  defined  by  the  range  of  the  conduction 
electrons,  and  the  spin-glass  layer  thickness  in  analyzing  the  ESR  linewidth  in  multilayers. 


INTRODUCTION 

Finite-size  and  dimensionality  effects  in  multilayered 
spin  glasses  have  been  shown  to  depend  on  the  interlayer 
material,  especially  when  the  spin-glass  layer  thickness  Wsq 
becomes  small. We  have  previously  demonstrated  that  the 
temperature-dependent  electron-spin-resonance  linewidth  in 
multilayered  CuMn/Cu  systems^'^  provides  detailed  informa¬ 
tion  about  spin  relaxation  rates.  In  this  article,  we  compare 
the  temperature  dependence  of  the  electron-spin-resonance 
linewidth  AH{T)  in  CU(i92Mno.o8/Al203  multilayers  with 
previous  measurements  of  the  Cu0.93Mr10.07/Cu  system. 


DATA  AND  ANALYSIS 


Cun.92Mn0.08/Al2O3  samples,  with  40  A^Wsg^20  000 
A,  were  fabricated  at  the  Johns  Hopkins  University  using  dc 
and  rf  sputtering.  Cu0.93Mn0.07/Cu  samples  were  fabricated 
by  dc  sputtering  at  Michigan  State  University.  In  both  cases, 
the  interlayer  thicknesses  are  held  constant  at  values  large 
enough  (75  A  for  AI2O3  and  300  A  for  Cu)  to  prevent  cou¬ 
pling  between  the  CuMn  layers. 

The  depression  of  the  spin-glass  freezing  temperature, 
Tf,  with  decreasing  Wsq  is  described  in  terms  of  e,  with 


/r/oo)-7’/(tPj.o)\ 

^  I  TfM  r 


(1) 


Tf(<x>)  is  the  freezing  temperature  of  the  bulk.  Finite-size 
scaling  predicts®  eocWso^''.  A  crossover  from  three- 
dimensional  (3D)  to  two-dimensional  (2D)  behavior  has 
been  demonstrated  by  freqr,ency  dependent’  and  nonline'^r 
susceptibility  measurements.^’®  Figure  1  compares  the  de¬ 
pression  of  Tf(WsG)/Tf(°°)=l-e  for  insulating  and  conduct¬ 


ing  interlayers.  Solid  fines  show  fits  to  Eq.  (1)  with  ^=1.3 
for  CuMn/Cu  samples'*  and  i'=1.6  for  CuMn/Al203 
samples.^  The  depression  of  in  CuMn/Al203  multilayers 
is  similar  to  that  observed  in  CuMn/Si.^ 

Above  Tf,  AH{T)  in  spin  glasses  is  described  by  a  su¬ 
perposition  of  two  behaviors — a  linear  temperature  depen¬ 
dence  and  a  critical  divergence  as  is  approached. 

A//(7')=A+Br+c|^^j  .  (2) 

In  Eq.  (2),  A  is  the  residual  linewidth,  B  the  thermal  broad¬ 
ening  coefficient,  C  the  divergence  strength,  and  k  a  critical 
exponent.  The  A +51  behavior  reflects  the  relative  magni¬ 
tudes  of  relaxation  rates  between  the  localized  moments, 
conduction  electrons,  and  lattice.’®’"  In  particular,  the  ther¬ 
mal  broadening  coefficient  B  r-m  be  modeled  to  include  ef- 


**Current  address;  National  Institute  of  Standards  and  Technology,  Room 
B206,  Building  220,  Gaithersburg,  MD  20899. 


FIG.  1.  The  depression  of  the  freezing  temperature,  7’/(H'sg)i  normalized  to 
the  bulk  value,  r|(“)  as  a  function  of  logiotlVse)  for  CuMnyAl203  (tri¬ 
angles)  and  CuMtyCu  (circles).  Solid  lines  are  fits  to  Unite-size  scaling. 
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FIG.  2.  Dependence  of  the  ESR  linewidth  in  CuMn/Al203  on  temperature 
for  CuMn  layer  thicknesses  of  20  000  A  (circles),  115  A  (squares),  and  40  A 
(tiiangles).  Solid  lines  represent  fits  to'Eq.  (2). 

feels  due  to  interfaces  and  surfaces."*  The  linewidth  diverges 
as  1/  is  approached,  with  in  the  bulk.^ 

Previous  measurements'*'^  of  A//(r)  in  the  GuMn/Cu 
system  shows  that  the  behavior  described  by  Eq.  (2)  is 
obeyed  for  10  A^M'sq^IO  000  A,  with  systematic  changes 
in  the  parameters  as  a  function  of  IVsc.  Samples  with 
Wso<about  50  A  fit  preferentially  to  a  two-dimensional 
form  {Tf-*Q)  of  Eq.  (2).  The  data  may  be  parametrized"*  in 
terms  of  e,  with  both  A  and  B  increasing  linearly  with  e.  The 
crossover  of  the  critical  behavior  from  the  3D  to  2D  limit  can 
be  described  by  a  continuous  function  of  e  "The  detailed 
infonnation  obtained  from  this  study  indicates  that  ESR  is 
useful  for  studying  the  dependence  of  A//(r)  on  interlayer 
material. 

Figure  2  shows  AH(T)  for  a  20  000-A  CuMn  film,  and 
multilayered  CuMn/Al203  samples  with  1^50=115  A  and  40 
A.  The  solid  lines  represent  fits  to  Eq.  (2),  with  the  fitting 
parameters  shown  in  Table  I.  The  sample  with  1Vsg=40  A 
fits  preferentially  to  the  7’^=0  form,  with  the  exponent  from 
this  fit  shown  in  parenthesis  in  Table  1.'^ 

With  the  exception  of  the  residual  linewidth  A,  which 
rerr  ,ins  approximately  constant,  all  parameters  obey  the 
same  general  trends  with  decreasing  Wso  as  those  from  the 
CuMn/Cu  series.  The  magnitudes  of  the  thermal  broadening 
coefficients  B  are  comparable  to  those  observed  in  the 


TABLE  I.  Parametets  obtained  by  fitting  to  Eq.  (t). 


IVso  (A) 

r/(K) 

A(G) 

B  (G/K) 

C(G) 

K 

20  000 

35 

Cuo  92Mno  08/AI2O3 

296  3.31 

561 

1.4 

115 

25 

285 

3.32 

594 

2.6 

40 

12.5 

306 

3.38 

3601 

2.9  (3.8)* 

20000 

37 

CUq  93Mn()  07/Qi 

-133  3.31 

241 

1.40 

10000 

yi 

-43 

3.23 

184 

1.35 

*The  value  in  paienthesis  for  the  40-A  sample  represents  the  exponent  ob¬ 
tained  by  fitting  to  the  2P  (?/=0)  form  of  Eq.  (I).  In  this  fit,  the  values  of 
A  and  B  remain  the  same  and  the  prefactor  of  the  divergence  does  not 
correspond  directly  to  C.  See  Ref.  4  for  details  and  the  CuMn/Cu  data. 


FIG.  3.  Comparison  of  the  ESR  linewidth  as  a  function  of  temperature  for 
the  20  000-A  film  from  the  CuMn/Al203  series  (solid  circles),  and  20  000-A 
(open  circles)  and  10  000-A  (open  triangles)  films  from  the  CuMn/Cu  series. 
Solid  lines  are  fits  to  Eq.  (2). 

CuMn/Cu  samples.  The  values  of  k,  while  comparable  in  the 
bulk,  are  larger  in  the  CuMn/Al203  multilayers,  as  are  the 
divergence  strengths.  Extension  of  these  measurements  to  a 
greater  range  of  Wso  is  necessary  to  determine  if  the  param¬ 
eters  follow  the  same  dependence  on  e  as  CuMn/Cu.*^ 

Distinct  differences  between  the  two  sets  of  samples  are 
observed.  Figure  3  compares  the  temperature  dependence  of 
AH(T)  for  20  000-A  films  from  the  CuMn/Cu  (Ref,  14)  and 
the  CuMn/Al203  series.  The  values  of  the  parameters  from 
fitting  the  CuMn/Cu  sample  to  Eq.  (1)  are  also  shown  in 
Table  I.  The  linewidths  for  the  CuMn/Al203  series  are  ap¬ 
proximately  500-G  larger  than  those  of  the  wrresponding 
CuMn/Cu  data.  The  magnitude  of  the  difference  in  the 
linewidths  cannot  be  explained  by  the  concentration  differ¬ 
ence,  which  is  less  than  1  at.  %.  Table  I  shows  that  the  ther¬ 
mal  broadening  coefficients  and  values  of  k  are  the  same  for 
both  20  000-A  samples,  but  that  the  residual  linewidths  and 
divergence  strengths  are  different.  Cbmparison  of  sample- 
growth  parameters  indicates  no  obvious  differences  that 
might  explain  these  results. 

The  second  significant  difference  between  AI2O3  and  Cu 
interlayers  is  that  the  CuMn/Al203  series  shows  a  decrease  in 
the  magnitude  of  the  minimum  linewidth  with  decreasing 
WsG-  The  minimum  linewidth  of  the  CuMn/Cb  series  was 
approximately  constant  for  all  W^g  In  the  CbMn/Cb  sys¬ 
tem,  scattering  from  CuMn/Cu  boundaries  is  negligible  com¬ 
pared  to  CuMn/air  boundaries  and  we  expect  surface  effects 
due  to  the  total  sample  thickness  to  dominate.  In  samples 
with  insulating  interlayers,  the  electrons  are  restricted  to  the 
CuMn  layers  and  Wsq  should  be  the  dominant  length.  The 
constant  values  of  the  minimum  linewidth  in  the  CuMn/Cu 
series  may  be  the  result  of  all  samples  having  approximately 
the  same  total  thickness.  This  illustrates  the  need  to  consid-r 
both  the  total  sample  thickness  and  the  spin-glass  layer  thick¬ 
ness,  as  the  type  of  interlayer  material  will  determine  which 
length  scale  is  dominant.  Detailed  conclusions  are  prohibited 
by  the  complicated  dependence  of  the  value  of  the  minimum 
linewidth  on  the  parameters  of  Eq.  (2). 

The  dependence  of  A.H{T)  on  the  total  sample  thickness 
was  studied  by  Nagashiina  and  Abe*^  in  Cui_;tMn;t  (a:=0.01 
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and  0.055  at.  •%)  films  of  thicknesses  from  1000  A.to  50  000 
A.  They  found  an  increase  in  both  the  minimuih  value  of  Ae 
linewidth  and  in  A,  the  residual  linewidth,  with  decreasing 
WsG-  This  is  attributed  to  the  incre^ed  importance  of  sur¬ 
face  scattering  relative  to  bulk  scattering  as  the  film  thick¬ 
ness  decreases.  Nagashima  and  Abe  did  not  investigate  the 
divergence  of  the  linewidth,  so  extracting  reliable  values  for 
A  and  B  for  comparison  to  the  present  data  is  difficult. 

The  open  triangles  in  Fig.  3  represent  AH(T)  for  a 
10  000-A  CuMn  film  from  the  CuMn/Cu  series  and  are  con¬ 
sistent  with  the  behavior  observed  by  Nagashima  and  Abe. 
Parameters  from  fitting  to  Eq.  (2)  are  included  in  Table  I.  TTie 
values  of  k  are  comparable  for  the  two  films,  but  the  diver¬ 
gence  strengths  C  are' different.  A  detail^  study  of  the  de¬ 
pendence  of  these  parameters  on  film  thickness  is  required  to 
determine  the  origin  of  these  variances,  whether  the  behavior 
is  due  to  finite  size' or  surface  effects,  and  if  the  approach  to 
the  freezing  transition  is  affected  even  on  this  larger  length 
scale. 

CONCLUSION 

We  have  reported  measurements  of  the  ESR  linewidth  as 
a  function  of  temperature  in  multilayered  Cuo.92Mno  08/AI2O3 
samples  with  20  000  k^W ^^40  A.  We  find  that  these  data 
are  qualitatively  consistent  with  measurements  from 
CuMn/Cu  multilayers,  but  quantitatively  differ.  Differences 
between  the  magnitudes  of  the  linewidths  in  samples  fabri¬ 
cated  at  different  locations  suggest  that  this  technique  is  sen¬ 
sitive  to  details  of  sample  fabrication,  which  may  include 
homogeneity,  structure,  and  purity.  The  comparison  of  insu¬ 
lating  versus  conducting  interlayers  emphasizes  the  presence 
of  two  significant  length  scales — the  total  sample  thickness 
as  determined  by  the  range  of  the  conduction  electrons  and 
the  spin-glass  layer  thickness.  Our  preliminary  examination 
of  CuMn  films  confirms  that  th-5  electron-spin-resonance 
linewidth  is  sencitive  to  changes  in  the  total  thickness  in 
samples  showing  no  depression  in  T^.  We  believe  that  study 
of  these  parameters  as  a  function  of  interlayer  material  can 
provide  a  convenient  framework  within  which  to  understand 
the  importance  of  the  different  length  scales. 

Although  interpretation  of  the  temperature-dependent 
ESR  linewidth  is  complicated,  this  technique  has  the  poten- 


tid  to  provide  detailed  information  on  relaxation  processes 
not  available  from  other  types  of  measurements.  Further  ef¬ 
fort  must  be  given  to  extending  the  theory  of  electron-spin 
resonance  in  multilayered  structures  to  fully  utilize  this  tech¬ 
nique. 
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The  magnetic  anisotropy  of  Co/Cu(lll)  thin  films  has  been  investigated  using  the  ferromagnetic 
resonance  (FMR)  technique.  The  films  were  prepared  by  molecular-beam  epitaxy  in  ultrahigh 
vacuum  on  sapphire  substrates  with  niobium  as  a  buffer  layer.  In  situ  RHEED  investigations,  ex  situ 
x-ray  low-angle  reflectivity  measurements,  and  high-angle  -Bragg  scans  confirm  the  structural 
quality  of  the  films.  Angular  dependent  FMR  measurements  are  performed  in  the  plane  of  the  films 
and  out-of-plane.  The  angular  dependence  of  the  line  positions  in-plane  shows  a  competition 
between  the  sixfold  anisotropy,  which  is  expected  for  bulk  Co,  and  a  twofold  anisotropy 
contribution.  It  is  demonstrated  that  by  FMR  one  can  detect  even  small  values  of  the  higher-order 
anisotropy  terms.  In  the  analysis,  we  put  emphasis  on  the  relationship  between  magnetic  and 
structural  properties. 


INTRODt.*CTION 

Two  of  the  main  fields  of  interest  in  magnetic  thin  fiims 
are  their  exchange  and  anisotropy  properties.  Both  are  re¬ 
lated  to  the  growth  process  and  the  structure  and,  addition¬ 
ally,  often  connected  with  each  other  in  the  experimental 
study.*’^  In  Co/Cu(lll),  the  investigation  of  the  oscillatory 
exchange  of  the  Co  layers  via  the  Cu  interlayer  has  posed 
problems  and  has  not  been  unambiguously  clarified  for  some 
time.  Quite  recently,  the  second  regime  of  the  antiferromag¬ 
netic  coupling  in  molecular-beam-epitaxy-grown  samples  at 
A  [the  first  regime  being  at  t^  (1)«9  A  (Ref.  3)] 
has  been  found,'*'^  in  agreement  with  theoretical  predictions.® 

It  has  been  argued®  that  the  exchange  coupling  in  Co/ 
Cu(lll)  is  much  more  sensitive  to  strain  and  roughness  ef¬ 
fects  than  in  Co/Cu(001),  because  in  the  (111)  system  the 
electrons  that  are  responsible  for  the  coupling  are  not  propa¬ 
gating  parallel  to  the  interface  normal.  Local  thinning  of  the 
Cu  layers  or  pinholes  were  suggested  to  have  a  significant 
influence  in  samples  grown  by  molecular-beam  epitaxy 
(MBE). 

A  recent  scanning  tunneling  microscopy  (STM)  study 
has  shown  that  in  fact  the  growth  of  Co  on  Cu(lll)  to  some 
degree  exhibits  an  island  structure,’  an  observation  that  ex¬ 
plains  part  of  the  Co/Cu(lil)  controversy  in  the  last  few 
years. 

In  view  of  these  peculiarities  of  the  Co/Cu(lll)  system, 
we  have  studied  the  in-plane  and  out-of-plane  anisotropy  by 
FMR  in  connection  with  investigations  of  the  structural  pa¬ 
rameters. 


SAMPLE  PREPARATION  AND  EXPERIMENT 

A  detailed  description  of  the  sample  preparation  can  be 
found  in  recent  publications.®’®  Onto  the  Al2O3(1120)  sub¬ 
strates  we  have  grown  by  MBE  a  Nb(llO)  buffer  layer 
(^lOO  A),  followed  by  Cu(lll)  of  about  30  A.  Co  was  then 
grown  with  thicknesses  Iq,  ranging  from  14  to  180  A.  All 
samples  were  covered  by  a  Cu  layer  (=“30  A). 


The  growth  was  observed  by  RHEED.  Ex  situ,  the 
samples  were  investigated  by  x-ray  low-angle  reflectivity 
measurements  and  high-angle  Bragg  scans,  confirming  the 
high  structural  quality.  The  values  for  the  mosaicity  are 
smaller  than  0.1°.  The  interface  roughness  is  of  the  order  of 
10  A  as  determined  from  x-ray  low-angle  scans.  Remarks  on 
the  interpretation  of  roughness  data  and  conelation  lengths 
from  x-ray  measurements  can  be  found  in  (Ref.  9). 

Figure  1  shows  an  x-ray  low-angle  reflectivity  and  high- 
angle  Bragg  scan  for  the  film  with  tco=85  A.  The  oscilla¬ 
tions  in  the  second  half  of  the  low-angle  scan  and  those 
around  38.6°  in  the  Bragg  scan  are  due  to  the  Nb  buffer.  In 
the  fit  of  the  low-angle  reflectivity  measurement,  a  partly 
oxidized  Cu  layer  on  top  has  been  taken  into  account. 

The  FMR  experiments  were  carried  out  at  room  tem¬ 
perature  at  X-band  frequencies.  The  angular  dependence  of 
the  spectra  was  measured  in  two  configurations:  (i)  external 
field  rotated  in  the  plane  of  the  sample  and  (ii)  external  field 
rotated  to  the  film  normal,  starting  in-plane  from  an  easy 
direction. 

To  describe  the  angular  dependence,  we  use  a  model  that 


FIG.  1.  X-ray  low-angle  reflectivity  and  high-angle  Bragg  scan  (inset)  of  the 
film  with  rco=85  A.  In  the  Bragg  scan,  the  peak  at  37.75°  is  due  to  the 
sapphire  substrate.  About  four  os'  illations  from  Nb  can  be  seen  at  each  side 
of  its  main  peak  at  38.6°.  The  feature  around  44°  including  its  substructure 
is  due  to  Co  and  Cu. 
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t^es  into  account  in  the  expression  for  the  total  free  energy 
density  F,o,,  the  Zeeman'energy  .(-H'M)i  the  demagnetiz¬ 
ing  energy  (■-’27rM^sin^6);  and  anisotropy  terms  of  the 
form  ' 

sin^  e-l-i;:2  sin'’  6 

+  [/C3+/!r4  cos(6<I»)]sin®  0 

-  Ku  sin^  6,  cos^(4>  -  <&„),  (1) 

which  is  appropriate  for  fcc(lll)-  and  hcp(0001)-oriented 
films.  The  term  Ku  allows  for  an  additional  uniaxial  anisot¬ 
ropy.  0  is  measured  with  respect  to  the  film  normal,  and  <I>  is 
the  iri-plane  angle  of  the  magnetization.  Using  standard  FMR 
theory  for  the  resonance  condition’®  yields  for  the  case  of  the 
external  field  in  the  film  plane 

=  [H  cos{^ -(f>)+A-6HJ^4  cos(64>) 

+  2//au  cos^(‘I>-4>„)]X{//  cos{^-<f>) 

-36Ha4  cos(6<I>)  +  2//au  cos[2(<I) -<!)„)]}.  (2) 

y=gfi^h  is  the  gyromagnetic  ratio,  H  the  external  magnetic 
field,  (f)  the  in-piane  external  field  angle, 
/l=47rAf-2//Ai-4f/A2-6//A3.  and  H^  =KilM.  As  the 
angular  derivatives  of  F,o,  determine  the  resonance 
condition,’®  the  higher-order  anisotropy  term  7/^4  enters  with 
a  higher  factor  and  therefore  FMR  can  detect  even  a  small 
sixfold  in-plane  anisotropy  contribution. 

RESULTS  AND  DISCUSSION 

The  in-plane  FMR  measurements  show  a  competition 
between  a  sixfold  and  a  uniaxial  anisotropy  contribution.  The 
thicker  samples  are  dominated  by  the  sixfold  rather  than  the 
uniaxial  anisotropy  and  vice  versa  (see  Fig.  2). 

The  origin  of  the  uniaxial  anisotropy  //au  that  dominates 
in  the  thin  samples  may  be  explained  by  the  evaporation 
process  and  the  growth.  As  mentioned  above,  the  bcc  Nb 
buffer  layer  grows  with  its  (110)  plane  on  Al2O3(1120).  The 
(110)  plane  of  Nb,  i.e.,  a  crystallographic  plane  with  twofold 
symmetry,  may  be  responsible  for  the  induced  twofold  an¬ 
isotropy  of  the  Co  layer.  During  the  growth  of  the  Cu  layer, 
in  the  RHEED  pattern  the  streaks  characteristic  for  the  (110) 
plane  of  Nb  have  been  observed— in  coexistence  with  the 
Cu(llr)  streaks.  Furthermore,  even  after  finishing  the  growth 
of  the  Cu  layer,  we  could  still  detect  considerable  Auger 
signals  from  Nb.  Therefore,  we  believe  that  it  is  possible  that 
a  small  amount  of  Nb  (probably  only  about  one  monolayer) 
is  located  upon  the  Cu  layer,  which  may  also  contribute  to 
//au  -  The  rapid  decrease  of  //au  with  increasing  tco  supports 
the  assertion  that  the  uniaxial  anisotropy  is  an  interface  ef¬ 
fect. 

As  it  reflects  the  crystallographic  symmetry,  i.e.,  the 
atomic  environment  in  the  closest  packed  planes  [fee  (111)], 
the  sixfold  anisotropy  //a4  might  be  expected  to  have  the 
same  magnitude  in  ail  films,  but  the  experiments  show  that 
//a4  is  smaller  in  the  thin  films.  As  the  dependence  on  Iq,  is 
less  pronounced  than  in  the  case  of  the  uniaxial  anisotropy,  it 
is  reasonable  to  assume  that  the  intrinsic  properties  of  Co  on 


This  film  is  dominated  by  the  twofold  anisotropy,  but  the  sixfold  contribu¬ 
tion  is  already  visible,  as  it  causes  changes  at  the  extrema  of  the  twofold 
anisotropy.  The  film  with  rco=85  A  (b)  exhibits  a  stronger  sixfold  contribu¬ 
tion.  1/44  can  be  estimated  from  the  difference  between  the  maximum  and 
the  minimum  of  the  line  positions  divided  by  72  (see  in-plane  resonance 
condition). 

Cu(lll)  rather  than  real  interface  effects  play  an  important 
role.  As  pointed  out  by  de  la  Figuera  et  al.^  the  Co  layer  on 
Cu(lll)  is  formed  by  islands  that  do  not  exhibit  a  perfect 
coalescence  up  to  seven  monolayers.  One  can  expect  the 
sixfold  anisotropy  to  be  very  sensitive  to  possible  small  in¬ 
plane  crystallographic  misorientations  of  these  islands. 

From  the  angle-dependent  FMR  measurements  with  the 
external  field  rotated  with  respect  to  the  film  normal  we  can 
get  information  on  the  out-of-plane  anisotropy.  As  the  Ky 
term  has  the  same  angular  dependence  as  the  demagnetiza¬ 
tion  energy,  we  can  only  determine  the  quantity 
AttM -2KylM .  In  this  definition,  Ky  also  contains 
the  surface  anisi  tropy  contribution  2Kslt(^.  The  resonance 
field  at  0=0°  di  pends  on  47rAf  (and  Kf),  but  not  on  the 
higher-order  tern  s  (see  e.g..  Ref.  11),  so  we  can  determine 
47rMeff  directly,  assuming  the  value  of  the  g  factor  to  be  the 
bulk  value  of  2.18.  For  the  thinnest  film,  the  line  positions 
can  be  fitted  within  the  whole  range  of  0(O°^0^9O°)  by 
using  only  i.e.,  the  higher-order  contributions  are 

very  small.  The  analysis  of  the  thicker  films  renders  some 
difficulties  as  a  substructure  is  found  in  the  spectra  around 
the  perpendicular  orientation.  In  an  interval  of  about  ±5° 
around  0=0°  often  two  lines  appear,  which  partly  overlap 
and  which  exhibit  varying  relative  intensities.  Therefore,  we 
give  only  an  estimate  of  for  these  films.  As  the  value 

of  the  higher-order  anisotropy  constants  is  strongly  influ¬ 
enced  by  the  angular  dependence  of  the  resonances  close  to 


J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Schreiber  et  al.  6493 


TABLE  I.  Anisotropy  parameters  for  the  four  samples  under  investigation. 

and  are  obtained  from  a  fit  of  the  in-plane  FMR 

m^urements.  4irM^t(=4irM is  determined  from  the  position  of 
the  resonance  line  at  6=0. 


tco  (^) 

Ha,  (G) 

HaA^ 

4irA/.ff(kG) 

14 

0.6 

60 

9.7 

85 

0.8 

15 

13.5 

93 

0.8 

13 

13.3 

178 

1.7 

9 

14.0 

0=0°,  their  determination  is  complicated  by  the  above  men¬ 
tioned  behavior. 

In  x-ray  investigations  of  the  stacking  sequence  of  thin 
Co  layers  on  Cu(lll)  grown  by  the  same  recipe  (with  the  Nb 
buflfer  layer)  only  fee  stacking  was  found.^  Recent  NMR 
experiments  on  our  thicker  films  yielded  a  significant  hep 
contribution.’^  This  difference  in  the  stacking  may  contribute 
to  the. substructure  of  the  out-of-plane  FMR  spectra.  Note 
that  an  hep  stacking  is  expected  to  lead  to  a  decrease  of 
4'7TM^f(  compared  to  pure  fee,  because  of  the  higher  value  of 

in  the  hep  structure. 

As  the  spectrum  of  the  film  with  fco“14  A  shows  no 
such  inegularities,  we  can  analyze  its  linewidth  behavior.  If 
the  film  is  perfectly  homogeneous,  one  can  expect  A//(0 
=  O°)<«A//(0  =  9O°).  However,  we  observe  a  certain  de¬ 
viation  from  this.  We  introduce  the  inhomogeneity 
SHi=  S(4itM-2Ki/M)  of  the  first-order  internal  field  con¬ 
tributions  and  write 


A/f=A//o+ 


<^^res 

dHi 


SH,. 


(3) 


Comparing  the  in-plane  and  the  out-of-plane  linewidth  yields 
5//(«>1100  G.  We  have  assumed  a  Lorentzian  shape  of  the 
absorption  curve,  so  that  the  peak-to-peak  linewidth  mea¬ 
sured  with  the  field  modulation  technique  corresponds  to  (1/ 
v(J)A//.  In  the  case  of  this  thin  film,  the  inhomogeneity  SHf 
should  be  mainly  caused  by  roughness  effects.  We  note  that 
measurements  on  polycrystalline  Co  on  Au(lll)  also  yielded 
considerable  values  for  the  inhomogeneity  of  the  internal 
field  in  thin  films.” 


In  conclusion,  we  have  investigated  the  in-plane  and  out- 
of-plane  anisotropy  of  MBE-grown  Co/Cu(lll)  films.  In 
plane,  4he  expected  sixfold  anisotropy  is  clearly  visible,  but 
for  the  thin  films  it  is  less  pronounced,  which  can  be  taken  as 
an  indication  for  the  nonperfect  coalescence  of  Co  on 
Cu(lll)  within  the  first  Co  layers.  An  additional  uniaxial 
contribution  is  found  that  is  thought  to  be  closely  related  to 
the  buffer  layer. 

The  out-of-plane  anisotropy  of  the  film  with  tQo=\4  A 
can  be  fully  described  by  using  only  the  lowest-order  term, 
i.e.,  4ttM ^=4ttM -2KilM .  The  higher-order  contribution 
is  very  small.  For  this  film,  an  estimate  of  the  inhomogeneity 
of  the  Internal  field  has  been  given  on  the  basis  of  the  FMR 
linewidth.  The  out-of-plane  spectra  of  the  thicker  films  ex¬ 
hibit  some  substructure  and  not  only  a  single  resonance  line. 
In  these  samples  significant  hep  stacking  contributions  have 
been  found. 

The  results  confirm  that  the  Co/Cu(lll)  system  has  its 
peculiarities  mainly  connected  with  the  growth  process  and 
the  structure. 
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Magnetic  and  magneto-optiC:  properties  of  sputtered  Co/Ni  muitiiayers 
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We  have  investigated  the  magnetic  and  magneto-optic  properties  of  Co/Ni  multilayers  deposited  on 
Ag  and  Au  buffer  layers.  The  samples  with  Au  buffer  layers  show  perpendicular  magnetic 
anisotropy,  but  those  with  Ag  buffer  layers  do  not.  The  structure  and  degree  of  crystalline  alignment 
of  the  buffer  layer  are  evidently  crucial  to  development  of  perpendicular  magnetic  anisotropy.  We 
also  present  the  results  of  polar  Kerr  rotation  measurements  as  a  function  of  wavelength  and  layer 
thickness  of  the  multilayers. 


INTRODUCTION 


RESULTS  AND  DISCUSSIONS 


Magnetic  multilayers  have  attracted  much  attention*  due 
to  the  resulting  novel  properties  that  are  suitable  for  a  variety 
of  applications.  One  interesting  phenomenon  is  the  so-called 
perpendicular  magnetic  anisotropy  that  has  been  found  in 
Co/A'  (A'  being  a  nonmagnetic  metal  such  as  Pt,  Pd,  Au,  or  Ir) 
multilayers.^"''  ITie  large  perpendicular  magnetic  anisotropy 
shown  in  these  muitiiayers  makes  them  potential  candidates 
for  MO  recording  media.  Recently,  Co/Ni  multilayers  were 
also  predicted  to  have  perpendicular  magnetic  anisotropy, 
and  this  was  confirmed  in  e-beam  evaporated  multilayer 
samples.^  Magneto-optic  and  thermomagnetic  writing  tests 
on  this  e-beam  evaporated  multilayer  have  yielded  encour¬ 
aging  results.^ 

In  this  article,  the  magnetic  and  magneto-optic  properties 
of  sputtered  Co/Ni  multilayers  are  reported.  The  effects  of 
Au  and  Ag  buffer  layers  on  the  perpendicular  magnetic  an¬ 
isotropy  of  the  sputtered  Co/Ni  multilayers  are  discussed, 
then  the  dependencies  of  the  magneto-optic  properties  on  the 
wavelength  and  the  multilayer  structure  parameters  are  pre¬ 
sented. 


EXPERIMENT 

Samples  were  prepared  using  both  dc  and  rf  magnetron 
sputtering.  .The  system  was  first  evacuated  to  below  5X10"^ 
Torr  before  sputtering,  and  Ar  gas  (5  X 10“^  Torr)  was  used  in 
the  sputtering  process.  In  most  cases,  50-nm-thick  Au  or  Ag 
buffer  layers  were  first  deposited  onto  glass  substrates.  The 
Co  thickness  was  varied  from  0.1  to  0.4  nm  and  the  Ni 
thickness  from  0.2  to  1.2  nm.  Multilayered  structures  were 
realized  by  rotating  the  substrates  above  the  separate  guns. 
The  total  Co/Ni  thickness  was  varied  between  5  to  30  nm. 

The  magnetic  properties  were  measured  using  an  alter¬ 
nating  gradient  force  magnetometer  (AGFM).  Crystalline 
texture  studies  were  performed  using  x-ray  diffractometry 
with  a  Cu  Ka  target  in  the  &-2d  mode,  and  a  scanning  angle 
of  10°-90°.  The  Kerr  rotation  {6^)  and  the  Kerr  ellipticity 
(ei)  were  measured  at  normal  incidence  over  the  wavelength 
range  ffom  300  to  800  nm  using  apparatus  previously 
described.^  All  experiments  are  performed  at  room 
temperature. 


Figure  1(a)  shows  hysteresis  loops  obtained  with  the 
AGFM  for  Co(0.2  nm)/Ni(0.8  nm)  on  Ag  for  magnetic  fields 
applied  both  in  the  plane  and  perpendicular  to  the  film  plane. 
Clearly,  this  sample  has  in-plane  magnetic  anisotropy,  as  did 
all  other  samples  deposited  on  Ag  buffer  layers.  In  contrast, 
Fig.  1(b)  shows  perpendicular  and  parallel  hysteresis  loops 
for  a  similar  multilayer  deposited  on  a  Au  buffer  layer.  This 
sample  clearly  has  perpendicular  anisotropy,  and  the  value  of 
the  uniaxial  anisotropy  constant  (as  determined  by  the  loop- 
area  method)  is  about  100  kJ/m^.  All  of  our  Co/Ni  multilay¬ 
ers  deposited  on  Au  showed  perpendicular  anisotropy,  in 
agreement  with  the  results  of  Daalderop  et  al.^ 

While  the  origins  of  perpendicular  magnetic  anisotropy 
(PMA)  are  often  difficult  to  determine,  PMA  can  be  due  to 
tensile  internal  stresses.®  Thus  the  structural  details  of  the 
buffer  layer  may  be  of  considerable  importance  in  determin¬ 
ing  the  magnitude  of  the  anisotropy.  Figure  2  shows  x-ray 
diffraction  scans  of  the  fee  Au  and  Ag  buffer  layers,  each  50 
nm  thick.  The  dominant  feature  of  both  scans  is  the  [111] 
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FIG.  1.  Room  temperature  hysteresis  loops  for  (a)  Co(0.2)/Ni(0.8)X12  mul¬ 
tilayers  on  Ag  buffer  layers  and  (b)  Co(0.2)/Ni(0.8)x8  on  Au  buffer  layeis. 
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FIG.  2.  26  x-ray  diffraction  patterns  of  Au  and  Ag  buffer  layers. 


peak,  indicating  that  the  films  are  highly  textured.  The  inten¬ 
sity  of  the  Au  peak  is  10  times  that  of  the  Ag  peak,  whereas 
the  ratio  of  the  electron  .densities  squared  is  only  2,8.  This 
result  suggests  that  the  Au  buffer  layers  exhibit  either  a 
higher  degree'of  crystallinity  or  a  higher  degree  of  texture, 
either  of  which  could  lead  to  the  differences  in  anisotropy. 
The  presence  of  a  weak  [200]  diffraction  peak  for  the  Ag 
buffer  layer,  but  not  for  the  Au  buffer  layer  (see  Fig.  2),  is 
direct  evidence  that  the  Au  buffer  layer  is  more  completely 
textured  than  the  Ag  buffer  layer. 

To  further  test  these  ideas,  we  cr  ,ied  out  annealing  ex¬ 
periments,  where  the  buffer  layer  was  annealed  prior  to 
deposition  of  the  Co/Ni  multilayer.  Anrxcling  the  Ag  buffer 
layer  in  vacuum  at  400  “C  for  1.5  h  prior  to  depositing  the 
Co/Ni  multilayer  resulting  in  significant  changes  in  the  shape 
of  the  perpendicular  hysteresis  loop.  The  remanence  ratio 
A/,/A/j  of  the  Co/Ni  multilayers  increased  considerably,  and 
the  coercivity  increased  by  a  factor  of  nearly  5.  However,  the 
easy  magnetization  direction  remained  in  the  film  plane. 
Similar  annealing  experiments  on  Au  buffer  layer  resulted  in 
only  minor  changes  in  the  hysteresis  loops.  One  can  specu- 


Wavelength  in  nm 


FIG.  4.  Polar  Kerr  rotation  at  350  nm  as  a  function  of  (a)  Co  thickness  and 
(b)  Ni  thickness  for  multilayers  on  Ag  buffer  layers. 

late  that  if  the  [111]  texture  of  the  Ag  buffer  layer  could  be 
inhproved,  Co/Ni  multilayers  deposited  on  Ag  might  also 
show  PMA. 

The  wavelength  dependencies  of  d/,  and  for  Co/Ni 
multilayers  on  both  Au  and  Ag  buffer  layers  are  shown  in 
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FIG-  5.  Polar  Kerr  rotation  at  350  nm  as  a  function  of  (a)  Ni  thickness  at 
FIG.  3.  Wavelength  dependencies  of  Co(0.2)/Ni(0.8)X  16  multilayers  (a)  Co=0.2  nm,  (b)  bilayer  numbers  for  Co(0.2)/Ni(0.8)  multilayers  on  Ag  and 

polar  Kerr  rotation,  (b)  polar  Kerr  ellipticity.  Au  buffer  layers. 
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Fig.  3.  For  Co/Ni  multilayer.  Aickness  near  10  naa,  the  opti¬ 
cal  effects  of  the  buffer  layer  or  the  glass  substrate,  is 
considerable,^  since  the  magnitudes  of  and  Ci  are  due  to  a 
combination  of  the  magneto-optical  properties  of  the  Q)/Ni 
multilayer  and  the  optical  properties  of  the  buffer  layer.  From 
Fig.  3,  we  note  that  the  peak  of  6^  for  Co/Ni  on  Ag  falls  at 
350  nm,  or  at  about  the  same  wavelength  where  drops 
rapidly.  These  two  effects  occur  where  the  optical  properties 
of  Ag  are  changing  rapidly  due  to  d-band  iTansitions.*®  Simi¬ 
lar,  but  less  dramatic,  effects  are  noted  f  jr  Co/Ni  on  Au.  It 
should  also  be  noted  that  the  short-wavelength  polar  Ken- 
rotations  of  Co/Ni  multilayers  ..Ith  Au  buffer  layers  are  con¬ 
siderably  larger  than  those  of  rare-earth-transition-melal 
alloys.” 

We  varied  the  individual  Co  anil  Ni  layer  thicknesses, 
and  also  the  number  of  bilayers,  to  optimize  the  polar  Kerr 
rotation,  and  the  results  are  shown  in  Figs.  4  and  5.  The 
maximum  polar  Kerr  rotation  is  obtained  for  Co«0.2  nm, 
Ni«=>0.6  nm,  at  about  16  bilayers.  T'le  Kerr  rotation  for  Co/Ni 
on  Ag  is  considerably  larger  than  that  of  Co/Ni  on  Au  (see 
Fig.  5),  primarily  because  the  me  isuiements  were  performed 
at  \=350  nm,  where  the  optical  properties  of  Ag  cause  a 
considerable  enhancement  of  the  Kerr  rotation. 

SUMMARY  AND  CONCLUSIONS 

Sputtered  Co/Ni  multilayers  show  perpendicular  mag¬ 
netic  anisotropy  when  deposited  on  a  Au  buffer  layer,  but 
in-plane  anisotropy  when  deposited  on  a  Ag  buffer  layer. 
This  diffe:  jnce  most  likely  arises  because  the  Au  buffer  lay¬ 
ers  are  more  completely  oriented  with  the  [111]  direction 
perpendicular  to  the  film  plane.  The  optical  properties  of  the 


buffer  layer  also  strongly  affect  the  magnitude  of  the  Ken- 
rotation.  The  largest  Kerr  rotation  measured  was  6.44°  for 
Co(0.2  nm)/Ni(0.6  nm)X16  bilayers  on  a  Ag  buffer  layer. 
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Spatial  modulation  of  the  magnetic  moment  in  Co/Pd  superiattices 
bbs|iy<ed  by  pblarized  neutron  reflectivity 

J.  A.  Borchers,  J.  F.  Ankner,  and  C.  F.  Majkrzak 

Reactor  Radiation  Division,  National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20899 

B.  N.  Engel,  M.  H.  Wiedmann,  R.  A.  Van  Leeuwen,  and  C.  M.  Falco 

Optical' Sckrices  Center,  Universify  of  Arizona,  Tucson,  Arizona  85721 

We  have  measured  the  specular  reflectivity  of  spin-polarized  neutrons  from  two  (111)  superiattices, 
[Pd  80  A|Co  60  A]X20/Pd  300  A/Co  10  A/GaAs  and  [Pd  53  A|Co  32  A]X  10/Pd  30  A/Cu  354  A/Si, 
grown  by  molecular-beam  epitaxy.  In  a  saturating  field  of  2300  6e,  we  extract  for  the  first 
superlattice  a  Co  moment  value  of  corresponding  to  78%  of  the  bulk  Co  moment.  At  temperatures 
rangirig'frdm  38  to  295  K,  no  excess  magnetic  moment  from  polarization  of  the  Pd  atoms  is  evident 
in  the  nominal  Pd  layer.  Comparable  reflectivity  data  from  the  second  sample  support  these 
conclusions. 


The  application  of  controlled  deposition  techniques  to 
the  growth  of  magnetic  films  and  multilayers  has  prompted 
novel  studies  of  the  nature  of  spin  interactions  in  transition 
metals.*  For  example,  the  discovery  of  perpendicular  mag¬ 
netic  anisotropy  in  Co/Pd  superiattices^’^  has  attracted' tech¬ 
nological  interest,  while  a  related  topic  of  fundamental  im¬ 
portance  has  been  the  polarization  of  the  nonmagnetic  Pd 
atoms^'^  arising  from  the  proximity  of  Co  at  the  superlattice 
interfaces.  Even  though  its  d  band  is  not  completely  filled 
pure  Pd  is  paramagnetic  rather  than  ferromagnetic  like  Ni,  its 
structural  analog.  A  “giant  moment”  as  large  as  OAfig  per  Pd 
atom  occurs  in  dilute  Pd  alloys  with  magnetic  transition  met¬ 
als  principally  due  to  the  3d-4d  hybridization  of  the  impu¬ 
rities  with  the  Pd  atoms.^  For  a  Co  monolayer  on  a  Pd  sub¬ 
strate,  a  theoretical  study*  predicts  that  the  Co  magnetization 
is  enhanced  by  as  much  as  0.4/rj)  per  atom  and  that  a  mo¬ 
ment  of  0.33/ifl  per  atom  is  induced  nearest  the  Pd  layer.  A 
similar  calculation  for  Fe/Pd  superiattices’  confirms  that  only 
the  Pd  atomic  layer  nearest  the  interface  develops  a  signifi¬ 
cant  moment  (>0.3/*^). 

Experimental  measurements  such  as  conventional 
magnetization’"'*  provide  widely  varying  estimates  of  the  Pd 
moment  in  Co/Pd  superiattices.  In  contrast  with  this  tech¬ 
nique,  polarized-neutron  reflectivity  is  sensitive  to  the  depth- 
dependent  moment  distribution  through  the  superlattice  and 
is  insensitive  to  sample  volume.  Pasyuk  et  al.^  have  u.sed  this 
procedure  to  examine  a  Pd/Co/Pd  trilayer  structure  and  ob¬ 
tain  an  induced  Pd  moment  of  OAfig  at  the  Co/Pd  interfaces. 
In  this  study,  we  have  measured  and  modeled  the  specular 
reflectivity  of  x-rays  and  spin-polarized  neutrons  from  two 
Co/Pd  superiattices,  [Pd  80  AjOa  60  A]  X  20/Pd  300  A/Co  10 
A/GaAs  (sample  A)  and  [Pd  53  A|Co  32  A]X  10/Pd  30  A/Cu 
354  A/Si  (sample  B),  in  order  to  extract  the  average  moment 
in  each  of  the  individual  Co  and  Pd  interlayers.  These  crys¬ 
talline,  (lll)-oriented  samples  were  prepared  at  the  Univer¬ 
sity  of  Arizona  using  molecular-beam  epitaxy  procedures  de¬ 
tailed  elsewhere.'*  Because  neutron  reflectivity  is  sensitive 
only  to  those  moments  that  lie  in  the  sample  plane,  we  re¬ 
quire  superiattices  with  thicker  Co  and  Pd  interlayers  than 
those  that  typically  generate  perpendicular  magnetic 
anisotropy.’"'*  In  neither  sample  do  we  find  evidence  of  an 
excess  moment  in  the  nominal  Pd  interlayers  at  temperatures 
ranging  from  38  K  to  300  K.  In  addition,  the  Co  moment  in 


sample  A  saturates  to  only  78%  of  its  bulk  value  in  an  ap¬ 
plied  field  of  2300  Oe.  While  the  apparent  moment  depletion 
observed  in  the  superiattices  seems  to  contradict  the  trilayer 
reflectivity  study  by  Pasyuk  et  al.^  we  discuss  here  the  pre¬ 
cision  of  this  measurement  technique  for  both  sample  geom¬ 
etries  and  place  limits  on  the  resultant  Co  and  Pd  moment 
values. 

We  performed  the  neutron  reflectivity  studies  on  the 
BT-7  reflectometer^  at  the  NIST  research  reactor  with  the 
samples  magnetized  in-plane  in  fields  ranging  from  95  Oe  to 
2300  Oe.  Since  neutrons  interact  with  both  the  nuclei  and 
electron  spins  of  the  scattering  material,  the  refractive  indi¬ 
ces  describing  the  reflectivity  have  a  structural  and  magnetic 
component.  For  a  simple  ferromagnet,  the  refractive  index 
can  be  written 


where  N  is  the  number  density  of  the  scatterers,  b  is  the 
nuclear  scattering  length,  and  p  =  (r„fiK  the  magnetic  scat¬ 
tering  amplitude  where  a-„= 0.2695X10"'*  klpg  and  p  is  the 
magnetic  moment  per  atom  in  the  sample  plane.  The  plus 
and  minus  subscripts  designate  the  indices  for  neutrons  po¬ 
larized  parallel  and  antiparallel  to  the  sample  moment.  Mea¬ 
suring  both  spin  states,  one  can,  in  principle,  obtain  a  spatial 
profile  of  the  distribution  of  structural  and  magnetic  scatter¬ 
ers  through  the  sample  using  a  model  based  upon  the  one¬ 
dimensional  wave  equation  for  a  stratified  medium.*** 

To  reduce  the  number  of  variables  in  the  neutron  data 
analysis,  we  first  determine  the  structural  characteristics  of 
the  superlattice  using  x-ray  reflectivity.  Figure  1(a)  shows 
room-temperature  data  for  sample  A  plotted  as  a  function  of 
the  wave  vector  Q.  The  fitted  curve  was  generated  from  the 
density  profile  shown  in  Fig.  1(b)  and  parametrized  in  Table 
1.  Despite  the  presence  of  four  superlattice  reflections  above 
background,  the  fit  reveals  that  the  superlattice  interfaces  are 
somewhat  rounded.  The  scattering  densities  in  the  centers  of 
the  interlayers  fall  short  of  the  bulk  Co  and  Pd  values 
[dashed  lines  in  Fig.  1(b)],  suggesting  that  Co  atoms  are 
present  throughout  the  nominal  Pd  layer  and  vice  versa.  The 
structural  characteristics  of  sample  B  (Table  I)  are  compa¬ 
rable  to  those  of  sample  A  despite  differences  in  the  substrate 
materials  and  growth  procedures."*  In  both  samples  the  ob- 


6498  J.  Appl.  Phys.  75  (10),  15  May  1994 


0021-8979/94/75(10)/e498/3/$6.00 


©  1994  American  Institute  of  Physics 


FIG.  1.  (a)  X-ray  specular  reflectivily  of  sample  A  at  room  temperature.  The 
squares  are  the  data  and  the  solid  line  is  the  fit.  (b)  Scattering  density  profile 
for  the  x-ray  reflectivity  fit  as  a  function  of  depth  into  the  sample.  The 
dashed  lines  mark  the  bulk  densities  of  Co  and  Pd. 


served  interfacial  “mixing”  could  originate  from  a  combina¬ 
tion  of  diffusion,  atomic-scale  roughness,  or  correlated 
roughness  arising  from  substrate  miscut. 

Polarized-neutron  scans  for  sample  A  reveal  only  a 
single  superlattice  reflection  above  the  diffuse  background, 
as  demonstrated  in  Fig.  2(a)  for  measurements  at  38  K  in  an 
applied  field  of  2300  Oe.  The  +  and  -  cross  sections  were 
fit  simultaneously,  holding  the  structural  parameters  constant, 
in  order  to  extract  the  moment  distribution  as  a  function  of 
depth.  The  results  from  this  analysis  are  summarized  in  Table 
I.  The  fit  is  guided  principally  by  the  critical  angles,  which 
are  related  to  the  square  of  the  total  bilayer  moment,  and  by 
the  relative  intensities  of  the  +  and  -  superlattice  peaks, 
which  are  determined  by  the  difference  between  the  magne¬ 
tization  in  the  nominal  Co  and  Pd  layers.  Following  Fourier- 
transform  arguments,  the  absence  of  higher-order  superlattice 
reflections  limits  the  sensitivity  of  the  fit  to  the  average  mo¬ 
ments  through  the  separate  Co-rich  and  Pd-rich  interlayers. 
Specifically,  the  magnetic  densities  of  the  Pd  atomic  planes 
nearest  the  Co/Pd  interfaces  cannot  be  distinguished. 


FIG.  2.  (a)  Polarixed-neutron  reflectivity  of  sample  A  at  38  K  in  a  saturating 
field  of  2300  Oe.  The  +  and  -  cross  sections  are  designated  by  circles  and 
squares,  respectively,  and  the  former  is  vertically  offset  for  clarity.  The  solid 
lines  represent  the  fit  to  the  data,  and  the  dashed  lines  describe  the  reflec¬ 
tivities  calculated  assuming  that  the  Co  atoms  present  in  both  the  nominal 
Co  and  Pd  interlayers  are  magnetized  with  78%  of  the  bulk  Co  moment,  (b) 
Polarized-neutron  reflectivity  of  the  same  sample  at  38  K  in  a  remanent  fleld 
of  95  Oe.  The  dotted  lines  here  reproduce  the  fit  to  the  2300-0e  reflectivities 
in  (a)  above  to  enable  a  direct  comparison  of  the  data  sets. 


The  magnetization  profile  that  generates  the  fit  (solid 
line)  in  Fig.  2(a)  is  shown  in  Fig.  3(a).  The  average  magnetic 
moment  in  the  nominal  Co  interlayer  equal.®  (1.37±0.08)/iB 
per  Co  atom,  corresponding  to  78%  of  the  Co  bulk  moment 
{l.li/ig).  The  remaining  22%  of  the  spins  elude  experimen¬ 
tal  detection  and  are,  therefore,  either  disordered  or  aligned 
perpendicular  to  the  sample  plane.  (Complementary  magne- 
tometry  measurements,  normalized  by  the  number  of  Co  at¬ 
oms  in  the  sample,  give  a  saturation  moment  of 
(1.62±0.08)/U5  per  Co  atom.)  Figure  3(a)  also  demonstrates 
that  the  magnetic  density  Re{Np)  of  the  Pd-rich  layer  is 
smaller  than  would  be  expected  if  those  Co  atoms  dispersed 
through  the  layer  exhibited  the  same  moment  as  those  in  the 
Co-rich  layer.  In  addition,  the  moment  in  the  nominal  Pd 
interlayer  decreases  from  1.08/4^  to  0.95fiB  per  Co  atom 
upon  warming  the  sample  from  38  K  to  room  temperature, 
possibly  reflecting  a  gradient  of  Co  Curie  temperatures 
through  the  interfaces.  At  both  temperatures  we  clearly  ob¬ 
serve  a  depletion  of  the  magnetic  moment  in  the  nominal  Pd 


TABLE  I.  Parameters  describing  the  fits  to  the  x-ray  and  neutron  reflectivity  data  for  samples  A  and  B.  The 
interlayer  thicknesses  d  and  nuclear  scattering  densities  Nb  were  extracted  from  room  temperature  x-ray  data, 
while  the  magnetic  densities  Np  were  extracted  from  neutron  data  in  a  2300-0e  applied  fleld  at  38  K  for  sample 
A  and  at  room  temperature  for  sample  B. 
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FIG.  3.  (a)  Magnetic  scattering  density  profile  for  sample  A  at  38  K  in  a 
saturating  field  of  2300  Oe  determined  from  the  reflectivity  fit  in  Fig.  2(a). 
The  dashed  lines  mark  the  bulk  densities  of  Co  and  Pd.  The  dotted  tine 
describes  the  density  profile  calculated  assuming  that  the  Co  atoms  present 
in  both  the  nominal  Co  and  Pd  interlayers  are  magnetized  with  78%  of  the 
bulk  Co  moment,  (b)  Magnetic  scattering  density  profile  for  the  same 
sample  at  38  K  in  a  remanent  field  of  95  Oe  determined  from  the  reflectivity 
fit  in  Fig.  2(b). 


interlayer,  rather  than  the  predicted  enhancement. 

In  order  to  place  limits  on  our  moment  estimates,  we 
have  calculated  reflectivity  curves  for  sample  A  assuming 
that  the  Co  atoms  through  the  entire  bilayer  order  with  78% 
of  the  bulk  Co  moment  [dotted  line  in  Fig.  3(a)].  As  can  be 
seen  from  Fig.  2(a),  the  differences  between  these  curves 
(dashed  lines)  and  the  fltted  curves  (solid  lines)  are  striking. 
Any  enhancement  of  the  magnetization  in  the  nominal  Pd 
layer  would  further  diminish  the  amplitude  of  the  +  and  - 
superlattice  reflections,  an  effect  not  evident  in  our  data. 

The  38-K  reflectivity  for  sample  A  does,  in  fact,  change 
substantially  upon  lowering  the  applied  fleld  to  95  Oe,  as 
shown  in  Fig.  2(b).  The  intensity  of  the  +  superlattice  reflec¬ 
tion  is  almost  an  order  of  magnitude  smaller  than  that  in  Fig. 
2(a)  and  the  critical  angles  are  slightly  reduced.  The  plot  of 
the  resultant  density  profile  in  Fig.  3(b)  reveals  that  these 
features  originate  from  a  decrease  in  the  magnetic  scattering 
contrast  between  the  bilayer  components  (Table  H.  The  mo¬ 
ment  per  C^o  atom  in  the  C^-rich  interlayer  equals  1.16/z^ ,  a 
reduction  of  0.21/ig  relative  to  that  measured  in  a  23(X)-Oe 
saturating  field,  while  the  magnetization  of  the  Pd-rich  inter¬ 
layer  (1.08/Uj  per  Co  atom)  is  identical  to  its  high-field 
value.  At  room  temperature,  however,  the  magnetic  profile 
extracted  from  95-Oe  reflectivity  data  approximates  that 
shown  in  Fig.  3(a).  The  in-plane  saturation  field  of  the  Co 
moments  in  the  nominal  Co  interlayer  apparently  increases 
as  the  temperature  decreases,  an  effect  observed  in  compa¬ 
rable  samples  using  conventional  magnetometry 
techniques.'^  Though  this  behavior  is  generally  attributed  to 
a  corresponding  increase  of  the  perpendicular  magnetic  an¬ 
isotropy,  we  cannot,  in  'his  case,  rule  out  the  possible  forma¬ 
tion  of  ferromagnetic  domains  in  the  sample  plane. 

We  have  also  measured  the  polarized-neutron  reflectivity 
for  sample  B  under  comparable  temperature  and  magnetic 


field  conditions,  but  the  results  are  less  conclusive.  Unfortu¬ 
nately,  the  scattering  near  the  critical  angle  is  dominated  by 
the  Cu  baselayer.  We  can  thus  extract  for  this  superlattice  the 
relative  magnetization  of  the  Co  and  Pd  interlayers,  but  can¬ 
not  uniquely  determine  the  absolute  magnitude  of  the  total 
bilayer  moment.  For  simplicity,  we  assume  that  the  Cb  atoms 
in  the  Co-rich  layer  saturate  with  the  full  Co  moment.  Table 
I  lists  the  magnetic  densities  of  the  Co  and  Pd  layers  ob¬ 
tained  from  a  fit  to  the  reflectivities  measured  at  room  tem¬ 
perature  in  a  saturating  field  of  2300  Oe.  The  deviation  of 
these  values  from  their  bulk  counterparts  directly  follows 
from  the  interfacial  “mixing”  quantified  via  x-ray  analysis. 
The  splitting  between  the  +  and  -  first-order  superlattice 
reflections  is  well  defined,  and  we  observe  that  the  Co  atoms 
present  in  both  the  Co-rich  and  Pd-rich  interlayers  order  with 
identical  moments.  Once  again,  no  magnetic  enhancement  is 
evident  through  the  nominal  Pd  interlayer. 

We  have  extracted  the  spatial  profile  of  the  magnetiza¬ 
tion  through  two  Co/Pd  superlattices  using  polarized-neutron 
reflectivity  techniques.  As  demonstrated,  this  analysis  is  par¬ 
ticularly  sensitive  to  differences  between  the  magnetic  den¬ 
sities  of  the  Co  and  Pd  interlayers.  For  the  first  sample,  the 
Co  moments  in  the  nominal  Co  layer  saturate  to  78%  of  the 
bulk  Co  moment.  This  depletion  may  be  associated  with  the 
structural  disorder  revealed  by  x-ray  characterization.  In  both 
superlattices  we  do  not  detect  any  excess  moment  in  the 
nominal  Pd  layer.  Either  the  Pd  in  these  samples  is  not  po¬ 
larized  or  the  effect  is  very  small.  Subtle  moment  enhance¬ 
ments  in  a  narrow  interfacial  region  (<5  A)  as  predicted  by 
theory*'^  and  reported  by  Pasyuk  et  al.^  are  difficult  to  detect 
using  either  neutron  reflectivity,  which  requires  a  level  of 
interfacia!  perfection  difficult  to  achieve,  or  conventional 
techniques  such  as  magnetometry,  which  depend  on  sample 
volume.  Upon  refinement  of  the  structural  quality,  specular 
reflectivity  provides  the  sensitivity  to  detect  these  small  en¬ 
hancements  and  remains  a  topic  for  future  investigation. 
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Electron-energy-loss  spectroscopy  of  Fe  thin  films  on  GaAs(001) 

J..  Yuan,  E.  Gu,  M.  Gester,  J.  A.  C.  Bland,  and  L.  M.  Brown 
Cavendish  Laboratory,  Cambridge  CB3  OHE,  United  Kingdom 

An  electrbn-midoscopy-based  technique  of  electron-energy-loss  spectroscopy  (EELS)  has  been 
used  to  characterize  electronic  an'd  magnetic  properties  of  ultrathin  Fe  films  grown  on  GaAs(lOO) 
surface,  as  a  function  of  the  film  thickness.  Large-area  electron  transparent  membranes  for 
microscopic  analysis  are  prepared  by  ion-beam  thinning  or  chemical  etching  from  the  substrate  side, 
and  the  top  surface  of  the  ultrathin  Fe  film  is  protected  by  a  thin  Cr  layer.  Analysis  of  the  Fe  2p,  Cr 
2p,  and  0  Is  absorption  spectra  confirms  that  only  the  Cr  layer  is  oxidized.  The  local  magnetic 
moments  of  the  ultrathin  Fe  films  are  deduced  from  the  “white  line”  branching  ratio  in  the  Fe  2p 
absorption  spectra.  For-Fe  films  as  thin  as  150  A,  the  magnetic  moment  is  not  different  from  that 
found  in  bulk  a-Fe.  For  a  70-A  Fe  film,  the  local  magnetic  moment  is  enhanced  although  the 
average  magnetization  is  reduced.  As  doping  is  suspected  to  be  the  cause  for  the  departure  from  bulk 
a-Fe  properties.  In  the  case  where  the  50-A  film  is  polycrystalline  and  discontinuous,  spatially 
resolved  EELS  has  been  used  to  distinguish  small  island  clusters  from  large  crystalline  particles. 
The  large  particles  are  a-Fe  crystallites  and  the  islands  are  probably  also  heavily  affected  by  As 
doping. 


I.  INTRODUCTION 

Epitaxially  grown  Fe  thin  films  on  GaAs(lOO)  hold  great 
promise  for  the  integration  of  magnetic  film  technology  into 
semiconductor  and  opto-electronic  technologies.'"^  How¬ 
ever,  many  physical  properties  of  the  thin  films  have  a  strong 
thickness  dependence  and  the  origins  of  these  are  currently 
poorly  understood.  For  example,  the  average  magnetizati<-n 
per  Fe  atom  starts  to  decrease  from  the  bulk  value  for  film» 
as  thick  as  230  A.'*  To  understand  the  microscopic  origin  of 
this  behavior,  we  have  to  separate  the  intrinsic  physical  ef¬ 
fects  from  the  effect  of  defects,  impurities,  etc.,  associated 
with  the  growth  problem.  This  can  be  achieved  by  studying 
the  Fe  film  with  a  localized  magnetic  probe.  In  this  article, 
we  carried  out  such  a  characterization  of  thin  and  ultrathin  Fe 
films  by  studying  element-selective  inner-shell  ionization  us¬ 
ing  electron-energy-loss  spectroscopy  (EELS).^  The  EELS 
measurement  is  canied  out  using  a  scanning  transmission 
electron  microscope  (STEM),  which  not  only  allows  us  to 
study  uniformly  deposited  films,  but  also  permits  analysis  of 
inhomogeneous  films  with  high  spatial  resolution.  All  the  Fe 
films  are  preserved  from  oxidation  and  degradation  by  en¬ 
capsulation  between  the  substrate  and  a  top  protective  layer. 
This  distinguishes  us  from  early  studies  of  transition  metal 
films  that  are  thermally  evaporated  with  poor  control  for  im¬ 
purity  and  crystallinity  and  inevitably  contains  surface  oxide 
layers.  We  will  be  able  to  show  from  the  Fe  2p  absorption, 
which  accesses  to  the  final  states  involving  the  Fe  3d  con¬ 
duction  band,  that  the  electronic  structure  of  Fe  films  grown 
on  the  GaAs(lOO)  surface  is  bulklike  at  i3c)  A  but  different 
from  the  bulk  for  70-A  and  50-A  ultrathin  films;  and  that  the 
difference  is  consistent  with  As  doping. 

II.  EXPERIMENT 

The  ultrathin  Fe  films  are  deposited  on  a  GaAs(001)  sub¬ 
strate  inside  a  UHV  chamber  with  a  base  pressure  better  than 
5X10"’  mbar  during  the  growth.  A  detailed  characterization 
of  the  growth  process  by  both  reflection  high-energy  electron 
diffraction  (RHEED)  and  low-energy  electron  diffraction 


(LEED)  techniques  can  be  found  in  Ref.  6.  At  the  end  of  Fe 
deposition,  the  top  surface  is  covered  with  a  thin  layer  of  Cr 
to  prevent  the  oxidation  of  Fe  films.  To  produce  electron- 
beam-transparent  samples  for  transmission  electron  micros¬ 
copy  and  transmission  electron-energy-loss  analysis,  the 
sandwich  film  is  thinned  from  the  substrate  side  only.  This  is 
achieved  by  either  ion-beam  sputtering  or  by  chemical  etch¬ 
ing.  The  latter  is  particularly  favored  since  a  large  uniform 
thin  membrane  can  be  produced  using  a  thin  layer  (about  0.2 
pm  thick)  of  the  relatively  chemically  inert  Gao7Alo,3As  as 
an  “etching  stop”  layer*  on  top  of  the  GaAs(lOO)  substrate. 

EELS  is  conducted  inside  a  dedicated  vacuum  generate 
(VG)-KF501  STEM  operating  at  100  keV.  The  transmitted 
electrons  are  analyzed  by  a  VG  magnetic  sector  prism,  and 
the  sped  nm  is  further  magnified  by  a  quadrapole  lens  sys¬ 
tem  before  being  collected  on  a  CCD  (charge-coupled 
device)-based  parallel  detection  system.’  All  the  spectra  have 
been  corrected  for  the  dark  current  and  flat-field  response  of 
the  CCD  camera.  The  convergence  semiangle  of  the  incident 
electron  is  about  7  mrad,  and  the  collection  semiangle  of  the 
spectrometer  is  about  8  mrad.  Under  such  experimental  con¬ 
ditions,  inner-shell  transitions  of  interest  (0  Is  at  530  eV,  Cr 
2p  at  576  eV,  and  Fe  2p  at  706  eV)  all  obey  the  dipole- 
selection  rule.  The  spatial  resolution  of  the  focused  electron 
probe  is  better  than  5  A  and  the  optimal  energy  resolution  of 
the  EELS  system  is  0.3  eV. 

III.  RESULTS 

A.  Cr(25  A)/Fe(150  A)/GaAs(001)  structure 

The  magnetization  measurement  of  this  150-A  Fe  film 
shows  a  pronounced  fourfold  anisotropy.®  Thin  membrane  of 
the  sandwich  structure  is  produced  by  chemical  etching.  The 
electron  diffraction  pattern  is  consistent  with  an  epitaxial 
a-Fe  film  lattice-matched  on  a  GaAs(OOl)  substrate.  The 
composition  analysis  using  the  theoretical  cross  sections*  for 
the  continum  part  of  the  Cr  and  Fe  2p  absorption  shows  that 
the  Fe  and  Cr  concentrations  are  in  the  ratio  6.33,  close  to 
the  expected  ratio  of  6.10,  which  is  calculated  from  the 
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Fe  2p  absorption  by'  EELS 


FIG.  1.  The  Fe  2p  absorption  spectra  from  ultrathin  films  of  different  thick¬ 
ness.  The  bulk  reference  spectra  is  taken  from  2000-A  thick  particles  (see 
the  text  for  detail). 

thickness  difference  of  the  two  films  as  measured  by  quartz 
microbalance,  in  situ.  The  thickness  of  the  membrane  is  es¬ 
timated  from  the  low-loss  spectrum  to  be  about  300-400  A 
and  is  very  uniform.  An  analysis  of  the  Cr  2p  absorption 
spectra  indicates  that  at  least  a  part  of  Cr  has  been  converted 
into  oxides.®  The  Fe  2p  absorption  for  the  thin  film  is  shown 
in  Fig.  1.  It  is  similar  to  that  for  the  bulk  Fe  absorption 
spectrum  shown  on  the  same  figure,  with  the  energy  of  the 
first  peak  at  706  eV.  There  is  no  sign  of  Fe  oxidation  since  its 
white  line  would  appear  at  much  higher  energies.® 

B.  Cr(25  A)/Fe(70  A)/GaA8(001)  structure 

The  magnetization  of  this  70-A  Fe  film  shows  a  mixture 
of  fourfold  and  twofold  anisotropy.®  As  there  is  no  built-in 
etching  stop  on  the  GaAs  substrate,  ion-beam  thinning  was 
used  to  produce  electron-beam  transparent  membrane.  From 
electron  diffraction  analysis,  the  Fe  film  growth  is  again 
found  to  be  epitaxial.  To  avoid  areas  where  the  GaAs  sub- 
Si,  1  has  been  completely  removed,  we  deliberately  move  to 
areas  where  the  sandwich  structure  is  over  700  A  thick  and 
where  signal  from  the  GaAs  substrate  is  unmistakable.  With 
at  least  about  60(>  A  of  the  GaAs  substrate  still  intact,  the 
possibility  of  ion-beam-induced  effects  on  the  thin  Fe  film  is 
very  small.  The  Fe  2p  absorption  spectrum  taken  from  this 
thick  sample  is  deconvoluted  to  remove  multiple  scattering, 
and  the  result  is  also  shown  in  Fig.  1.  It  is  clear  that  the  70-A 
Fe  film  is  already  different  from  the  bulk  and  150-A  Fe  film. 
The  first  peak  in  the  Fe  2p  absorption  spectrum  from  the 
70-A  Fe  film  has  a  shoulder  at  706  eV  where  the  2p  absorp¬ 
tion  of  the  bulk  Fe  has  its  maximum. 

C.  Cr(2S  A)/Fe(SO  A)/GaAs(001)  structure 

This  film  is  slightly  different  in  its  fabrication  from  the 
above  two  films.  The  GaAs  wafer  containing  the  etching- 
stop  layer  has  been  thinned  to  produce  a  membrane  window 
prior  to  Fe  deposition.  The  magnetization  of  the  film  is  found 
to  be  isotropic®  and  is  associated  with  the  polycrystalline 
nature  of  the  film,  as  shown  by  electron  diffraction.  In  addi¬ 
tion,  electron  microscopy  shows  that  the  Fe  film  is  discon¬ 


tinuous  and  that  the  grains  have  two  characteristic  sizes.  The 
Fe  is  mostly  sparsely  distributed  in  clusters  of  small  islands 
of  the  order" 3f  50  A  across.  From^the  analysis  of  the  ioniza¬ 
tion  cross  sections,  using  that  of  the  Cr  layer  as  a  standard, 
the  thickness  of  the  Fe  islands  is  deduced  to  be  about  20-30 
A.  The  Fe  2p  absorption  spectruui  from  one  of  these 
nanometer-sized  islands  is  shown  Jn  Fig.  1.  It  is  similar  to 
that,  of  the  70-A,  film,  except  for  an  additional  shoulder  at 
710  eV.  Much  less  numerous  are  the  large  Fe  particles  with 
diameters  over  several  thousand  angstroms.  The  energy-loss 
spectrum  from  the  large  particles  has  been  taken  as  represen¬ 
tative  of  the  bulk  Fe  films  and  is  also  presented  in  Fig.  1  for 
comparison  purpose. 

IV.  DISCUSSION 

In  a  one-electron  picture,  the  inner-shell  transition 
should  give  information  about  a  symmetry-projected,  empty 
density  of  states  localized  on  the  excited  atoms,  and  the  re¬ 
sult  can  be  compared  with  the  bandstructure  calculation.  In 
the  case  of  Fe  2p  absorption,  it  probes  the  empty  density  of 
states  of  the  conduction  band  with  the  3d,  and  to  a  less 
extent  4s  character.  However,  strong  coupling  between  the 
partially  filled  d  band  and  the  remaining  inner-shell  p  elec¬ 
trons  produce  a  significant  distortion  to  the  empty  density  of 
state.  The  spectra  are  dominated  by  two  “white-line”  struc¬ 
tures  separated  by  12.5  eV,  approximately  the  energy  differ¬ 
ence  between  the  Fe  2pi/2  and  2p^/2  levels.  Information 
about  the  electronic  structure  of  the  Fe  film  can  still  be  as¬ 
sessed  in  these  cases.  For  example,  the  density  of  the  con¬ 
duction  electrons  controls  the  lifetime  of  the  core  hole  states, 
hence  the  width  of  the  core  level  transition.  In  bulk  metal  Fe 
(see  Fig.  1),  the  width  of  the  white  line  is  quite  large  (3.5 
eV),  reflecting  a  large  conduction  electron  density  around  Fe. 
It  is  reduced  to  less  than  2.1  eV  for  the  70-A  and  50- A  films, 
indicating  a  large  reduction  in  the  density  of  the  conduction 
electron.  Because  of  this  reduction  in  the  width,  the  multiplet 
structures  in  the  white  lines  becomes  visible  for  the  spectra 
from  these  two  films.  These  are  due  to  resonant  transition 
from  the  2p^3d"  initial  states  into  2p^3d"^*  final  .states,  and 
are  sensitive  to  the  <f-level  occupancy  of  the  Fe  atom.  Com¬ 
parison  of  line  shape  of  peak  with  an  atomic  multiplet 
calculation’®  suggests  that  the  average  rf-level  occupancy  (n) 
in  the  70-A  film  is  6,  assuming  the  crystal-field  effect  is 
unimportant. 

Because  of  the  spin-orbit  coupling,  the  branching  ratio 
of  the  white  lines  arising  from  transitions  from  the  two  sub- 
levels  of  the  Fe  2p  state  (defined  as  73(2^3/2)/ 
(72(2^1/2) +73(2^3/2)])  deviates  from  the  statistical  values 
5  (Ref.  11)  and  depends  on  the  specific  configuration  of  the 
partially  filled  3d  levels.®  Although  a  first-principle  calcula¬ 
tion  of  these  effects  is  still  not  feasible  for  the  time  being,  an 
empirical  relationship  has  been  found  between  the  local 
magnetic  moment  per  Fe  atom  (which  depends  on  the  3d 
configuration  of  the  Fe)  and  the  branching  ratio  of  the  Fe  2p 
absorption.’^  The  branching  ratio  of  Fe  2p  absorption  from 
the  bulk  and  150-A  Fe  is  found  to  be  0.74  (73/72=2.9),  in 
agreement  with  that  reported  from  the  literature.’^’’®  The  cor¬ 
responding  branching  ratio  for  the  70-A  Fe  film  is  0.83 
(73/72=5).  This  indicates  an  enhanced  magnetic  moment  per 
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atom  according  to  the  empirical;  relationship  of  Kiirata  and 
Tanaka.’^  To  translate  local  magnetic  moments  into  volume 
magnetization,  we  need  to  consider  the  nature  of  local  mag¬ 
netic  ordering.  The  branching  ratio  of  the  thinner  film  (“50 
A”)  film  is  not  available  due  to  poor  statistics  of  the  spec¬ 
trum. 

The  cause  for- the  departure  from  the  bulk.  Fe  signal  in 
the  thin  and  ultrathin*  films  is  not  clear.  The  effect  of  low 
dimensionality  is  unlikely  in  this  particular  case  as  the  Fe  2p 
absorption  spectra  of  a  two  monolayer  and  a  four  monolayer 
film  on  Cu(lOO)  substrate,  obtained  using  in  situ  x-ray 
absoiption,*^  is  similar  to  that  found  for  bulk  Fe  and  the 
150-A  film.  A  more  likely  cause  maybe  due  to  the  atomic 
diffusion  across  the  boundary.  The  Cr/Fe  bilayer  has  been 
studied  extensively  in  terms  of  ultrathin  film,  and  multilayer 
fabrication  and  intefdi^sion  is  generally  not  a  problem. 
Contarnination  of  the  Fe  film  by  more  diffusive  As  species 
has  been  found  in  earlier  deposition  experiments, and 
the  formation  of  antiferromagnetically  coupled  Fe2As  micro- 
crystallites  has  been  speculated  as  a  possible  reason  for  the 
drop  of  the  average  magnetization  per  atom  in  thin  film.'* 
There  are  some  evidence  for  As  contamination  of  Fe  film 
from  in  situ  Auger  spectroscopy;  however,  there  is  no  elec¬ 
tron  diffraction  evidence  for  Fe^As  microcrystalline  particles 
in  the  films  we  have  examined.  On  the  other  hand,  the  As- 
doped  a-Fe  is  also  possible  in  the  equilibrium  phase  diagram 
of  the  Fe-As  binary  system'®  and  cannot  be  dismissed  purely 
from  our  plan-view  electron  microscopy  and  EELS  results. 
We  may  speculate  on  the  electronic  structure  of  the  As-doped 
Fe  film.  Crudely  speaking,  the  more  electronegetive  As  atom 
will  be  an  electron  acceptor  and  reduces  the  (/-level  occu¬ 
pancy  in  the  Fe  atom.  This  is  consistent  with  the  reduced 
branch  ratio  and  decrease  in  the  line  width  of  the  white  lines 
in  the  Fe  2p  absorption  spectra  from  the  70-  and  50-A  films. 
According  to  the  empirical  relationship  between  branch  ratio 
and  the  local  magnetic  moment  per  atom,  the  magnetic  mo¬ 
ment  per  atom  for  the  As-induced  a-Fe  film  may  actually 
increase  (from  2.5  to  6  pg).  This  finding  may  not  necessary 
be  in  conflict  with  the  decrease  in  the  average  magnetization 
per  atom,  as  the  relationship  between  the  two  are  not  neces¬ 
sary  in  tandem  particularly  for  an  itinerant  ferromagnetic  Fe 
sanipic,  since  the  local  ordering  of  the  atomic  moments  is 
also  important  and  may  also  be  affected  by  As  doping. 

V.  SUMMARY 

Thin  Fe  films  grown  on  GaAs(lOO)  surface  have  been 
examined  by  clectron-microscopy-based  high-energy  EELS. 


Special  sandwich  structure  has  been  produced  to  prevent  the 
oxidation  of  the  ultrathin  Fe  film  at  ambient  atmosphere. 
This  allows,  for  the  first  time,  observation  of  the  electron- 
energy-loss  spectrum  of  Fe  metal  films  not  tainted  by  the 
surface  oxide.  For  the  150-A  film,  the  Fe  L2,3  absorption 
edge  is  similar  in  shape  to  that  obtained  from  the  bulk.  But 
the  spectrum  from  the  70-A  Fe  film  is  very  different.  The 
local  magnetic  moment  deduced  from  the  branching  ratio  of 
the  Fe  2p  spectrum  from  the  70-A  Fe  film  is  higher  than  that 
from  the  bulk.  For  the  50-A  film  examined,  the  magnetiza¬ 
tion  behavior  is  isotropic  because  the  film  is  polycrystalline. 
The  film  is  also  discontinuous  and  has  two  distinct  grain 
sizes.  The  electronic  structure  of  the  small  Fe  islands  (about 
50  A  across)  is  similar  to  that  of  the  70-A  Fe  film.  The  larger 
grains  have  diameters  of  the  order  of  thousand  angstroms 
and  bulklike  properties.  The  exact  nature  of  the  electronic 
structure  of  the  deposited  Fe  films  are  still  under  investiga¬ 
tion.  It  is  suspected  that  the  changes  are  partially  caused  by 
the  proximity  of  the  interface  and  the  related  .as  diffusion 
across  the  boundary,  which  can  induce  both  doping  as  well 
as  alloying. 
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The  microstructure,  anisotropic  magnetoresistance,  and  magnetic  properties  of  Ti/NisiFeig  thin  films 
have  been  investigated  with  respect  to  annealing  temperatures  (T^)  up  to  450  °C  as  well  as  to  anneal 
times  (0.  It  has  been  shown  that  120  °C  is  the  optimum  annealing  temperature  and  that  has  no 
significant  influence  on  the  properties  with  annealing  at  270  °C.  Auger  depth  profiling  was  used  to 
study  interdiffusion  kinetics.  ITie  diffusivity  D  and  activation  energy  e  have  been  estimated  at  about 
2.bxi0”*’  cm^/s  and  1.69  eV,  respectively. 


I.  INTRODUCTION 

The  polycrystalline  NiFe  thin  film  is  of' technological 
importance  1  ecause;  of  its  unique  soft  magnetic  properties.  In 
particular,  it  is  a  popular  sensor  material  for  magnetoresistive 
(MR)  sensors  because  of  its  small  magnetostriction  and  large 
anisotropic  magnetpresistance.  The  reliability  of  MR  sensors 
not  only  depends  on  anisotropic  magnetoresistance  (AMR) 
values  (actually  in.  the  percent  regime),  but  also  on  other 
properties,  such  as  magnetic  properties  and  the  sensitivity  to 
temperature  or  stress  of  the  sensor  material.  In  order  to  have 
better  adhesion  to  gold  contacts,  NiFe  films  are  often  used 
with  an  overlayer  of  another  metal  such  as  Ti  or  Ta.  In  the 
photolithographic  process  of  patterning,  films  are  often  ex¬ 
posed  to  temperatures  above  200  “C.  This  probably  changes 
characteristics  of  interface  and  stress,  and  then  reduces 
AMR.  On  the  other  hand,  a  suitable  annealing  treatment  can 
reduce  bulk  resistance,  and  it  is  beneficial  to  improve  the 
AMR.  Narayan  et  al}  have  Investigated  the  effect  of  anneal¬ 
ing  of  Ti/NiFe  composites  qualitatively  and  pointed  out  that 
the  limit  of  for  this  composite  is  less  than  300  *C.  Hashim 
and  Atwater^  have  studied  the  interdiffusion  of  a  Ta/NiFe 
multilayer  using  x-ray  diffraction  and  obtained  D  and  e 
quantitatively. 

In  this  article,  the  microstructure,  magnetic  properties, 
and  anisotropic  magnetoresistance  of  Ti/Ni8|Fei9  thin  films 
have  been  studied  with  respect  to  annealing  temperatures 
up  to  450  °C  as  well  as  to  anneal  times  t^  with  annealing  at 
270  °C.  The  diffusivity  D  and  activation  energy  €  have  been 
calculated.  The  AMR  and  magnetic  properties  are  improved 
with  Tf,  up  to  120  “C.  These  properties,  however,  become 
slightly  inferior  with  a  further  increase  of  in  the  range 
from  120  to  450  °C.  The  values  of  D  and  e  show  that  the 
interdiffusion  between  Ti  and  NiFe  is  slower  than  that  of  Ta 
in  NiFe  reported  in  Ref.  2.  Interdiffusion,  .iiination  of 
stress,  etc.,  may  account  for  the  variation  of  properties. 

II.  EXPERIMENT 

ATi(20  nm)/NiFe(100  nm)  film  was  deposited  on  a  glass 
substrate  using  dc  magnetron  sputtering.  The  deposition  rate 
was  about  1.5  A/s.  In  order  to  distinguish  interface  effects 
from  bulk  effects,  a  NiFe  layer  was  deposited  on  a  glass 
substrate  at  a  temperature  of  470  °C  and  held  at  the  same 
temperature  for  1  h  to  homogenize  the  structure;  then  a  Ti 
layer  was  deposited  on  the  NiFe  layer  when  the  substrate  was 
cooled  to  40  °C.  There  were  two  procedures  in  annealing 
treatment:  (1)  was  fixed  at  3  h,  and  was  taken  as  120, 


220,  290,  360,  and  420  °C;  (2)  was  fixed  at  270  °C,  and 
was  taken  as  1,  2,  4,  6,  and  8  h.  All  annealing  treatments 
were  carried  out  iii  a  vacuum  annealing  furnace  after  achiev¬ 
ing  a  base  pressure  of  5X  10“®  Torr.  The  crystal  structure  was 
determined  by  x-ray  diffraction.  The  resistance  was  mea¬ 
sured  at  room  temperature  with  a  four-point  probe  on  unpat¬ 
terned  stripes  cut  from  the  glasses.  The  compositional  pro¬ 
files  were  obtained  by  Auger  depth  profiling.  The  diffusivity 
D  and  activation  energy  e  were  calculated  from  the  compo¬ 
sitional  profiles. 

III.  RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  pattern  of  the  as-deposited  Ti/NiFe 
film  is  shown  in  Fig.  1.  It  indicates  that  the  Ti/NiFe  film  has 
already  developed  texture  in  the  (002)  orientation  of  hep  Ti 
and  the  dominant  (111)  orientation  of  fee  NiFe.  The  lattices 
between  NiFe  and  Ti  match  well,  which  results  in  a  mini¬ 
mum  interface  stress.  Narayan  et  aO  found  that  the  annealed 
NiFe  film  has  texture  in  the  (111)  orientation  too.  Figure  2 
shows  the  dependence  of  the  AMR  and  saturation  field  on 
annealing  temperature  .  It  demonstrates  that  the  AMR  in¬ 
creases  with  an  increase  of  and  then  decreases  slowly 
with  further  increase  of  .  There  is  a  maximum  AMR  of 
3.1%  with  a  minimum  saturation  field  of  7.5  Oe  at  120  °C. 
There  are  no  sharp  changes  of  the  AMR  and  magnetic  prop¬ 
erties  from  120  to  450  "C.  In  fact,  the  AMR  is  inversely 
proportional  to  the  resistivity  of  the  polycrystalline  permal¬ 
loy  film,  p,  which  is  affected  by  surface  scattering  and  grain¬ 
boundary  scattering.^  p  can  be  significantly  reduced  by  an 
annealing  treatment  because  of  grain  growth  and  the  elimi- 


FIG.  1.  X-ray  diffraction  pattern  of  an  as-deposited  Ti/NiFe  film. 
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FIG.  2.  The  dependences  of  the  AMR  and  saturation  field  H,  on  annealing 
temperature  . 


nation  of  crystal  defects,  whereas  Ap  is  almost  unchanged  by 
annealing  treatment.  With  up  to  120  "C,  the  interface 
stress  and  crystal  defects  within  the  interface  between  H  and 
NiFe  layers  are  eliminated  partially,  so  that  the  AMR  is  in¬ 
creased  and  soft  magnetic  properties  are  improved.  It  may  be 
expected  that  the  AMR  should  increase  more  with  a  further 
increase  of  because  p  will  decrease  due  to  the  consequent 
elimination  of  interface  stress.  The  AMR,  however,  unex¬ 
pectedly  decreases  with  a  further  increase  of  .  This  prob¬ 
ably  can  be  attributed  to  interdiffusion  between  NiFe  and  Ti. 
On  the  other  hand,  the  AMR  is  almost  unchanged  with  an 
increase  of  annealing  time  with  annealing  at  270  °C.  This 
result  is  due  to  the  fact  that  the  interdiffusion  tends  to  be 
stable  and  the  diffusion  depth  increases  very  slowly  in  this 
temperature  range.  In  order  to  clarify  the  role  of  interdiffu¬ 
sion,  Auger  depth  profiling  was  studied. 

The  Auger  depth  profiles  (see  Fig.  3)  of  Ti/NiFe  films 
before  and  after  annealing  at  120  and  360  °C  for  3  h  show 
that  the  interface  thicknesses  (/;„)  of  Ti/NiFe  increase  about 
36%  and  40%,  respectively,  due  to  the  annealing  treatment.  It 
is  indicated  that  the  increment  of  is  small  when  the  an¬ 
nealing  temperature  is  above  120  °C,  which  is  consistent 
with  the  temperature  dependence  of  the  AMR  and  //j  shown 
in  Fig.  2.  All  these  findings  demonstrate  that  interdiffusion 
plays  an  important  role  in  the  variation  of  properties. 

According  to  the  Auger  depth  profiles  of  Ti/NiFe  films 
annealed  at  270  ®C  for  1,  2,  4,  6,  and  8  h,  the  diffusivity  D 
was  calculated  using  the  resolution  of  diffusion  equation  as 
follows: 

(1) 

and 

l?=lDt,  (2) 

where  C(x,t)  is  the  concentration,  ({^  is  the  distribution  of 
the  concentration  before  diffusion,  D  is  diffusivity,  t  is  time, 
and  X  is  depth  profile.  D  was  calculated  to  be  about 
2.0X10“*’  em’/s.  From  the  results  of  D{T),  the  activation 
energy  e  was  estimated  at  1.69  eV.  Information  on  Ni  and  Fe 


FIG.  3.  Auger  depth  profiles  of  the  film  (a)  as-deposited,  and  (b)  and  (c) 
annealed  at  120  and  3f  0  °C  for  3  h,  respectively. 


lattice  diffusion  in  Ti  or  vice  versa  is  unavailable,  but  the 
activation  energy  for  lattice  self-diffusion  in  Ni  (Ref.  4)  has 
been  reported  to  be  2.27  eV.  lypically,  the  activation  energy 
for  grain-boundary  diffusion  is  significantly  less  than  that  for 
lattice  diffusion:  €gb=*(0.4-0.7)^„  ?  This  suggests  that  grain¬ 
boundary  diffusion  between  Ti  and  NiFe  is  dominant  when 
is  below  450  °C.  On  the  other  hand,  because  the  crystal 
structure  is  perfect  enough  before  annealing,  the 
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grain-boundary  difibision  is  restrained,  so  that  the  interdiffu¬ 
sion  is  very  slow  and  D  is  small  in  our  temperature  range.  It 
is  confirmed  that  the  AMR  and  are  not  affected  obviously 
by  the  anneal  time  .  y^other  result  obtained  is  that  the 
diffusion  of  l1  in  NiFe  is  slower  than  that  of  Ta  in  NiFe 
reported  by  Kashim  and  Atwater.^  Ti  is  a  good  materiai  when 
used  with  sensor  material  NiFe  magnetic  layers. 

In  summary,  our  as-deposited  H/NigiFeig  film  possesses 
good  texture,  which  results  in  high  AMR  and  low  saturation 
field.  With  annexing  at  120  °C  for  3  h,  both  maximum 
AMR,  3.1%,  and  minimum  saturation  field,  7.5  Oe,  are  ob¬ 
tained.  The  variation  of  AMR  and  is  small  when  is  in 
the  120-450  "C  range.  The  diffusivity  D  and  activation  en¬ 
ergy  e  are  estimated  at  about  2.0X10”*’  cm’/s  and  1.69  eV, 
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respectively.  It  is  concluded  that  the  interdiffusion  between 
11  and  NiFe  is  very  slow. 

ACKNOWLEDGMENT 

This  research  is  supported  by  the  Chinese  National 
Laboratory  of  Magnetism  in  Beijing. 

•P.  B.  Narayan,  R.  D.  Silkensen,  S.  Bryant,  and  S.  Dey,  IEEE  Trans.  Magn. 
28,  2934  (1992). 

^I.  Hashim  and  H.  A.  Atwater,  Mater.  Res.  Soc.  Symp.  Proc.  232,  159 
(1991). 

^A.  F.  Mayadas  and  M.  Shatzkes,  Phys.  Rev.  B  1, 1382  (1970). 

■•R.  Hoffman,  F.  Pickus,  and  R.  Wood,  Trans.  AIME  206,  483  (1956). 

*P.  G.  Shewmon,  Diffusion  in  Solids  (Williams  Book  Company,  Jenks, 
1983),  p.  164. 


,  i 

.  4 


6506  J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Li  et  al. 


Magnetization  reversal  in  compositionally  modulated  Tb/Fe  multilayers 
(abstract) 

Roger  D.  Kirby,  J.  X.  Shen,  and  D.  J.  Sellmyer 

Behlen  Laboratory  of  Physics  and  Center  for  Materials  Research  and  Analysis,  University  of  Nebraska, 

Lincoln,  Nebraska  68588-0111 

We  have  prepared  compositionally  modulated  Tb(Ar  A)/Fe(5  A)  thin  film  multilayers  with  Arranging 
from  3.5  to  7  A  by  magnetron  sputtering- on  glass,  substrates.  Magnetization  measurements  using 
SQUID  and  alternating  gradient  force  magnetometers  show  that  these  samples  have  uniaxial 
anisotropies  (/(r„)  up  to  lO’  erg/cm^  and  saturation  magnetizations  (M^)  between  50  and  350 
emu/cm^.  Constant  field  magnetization  reversal  measurements  at  room  temperature  show  that  these 
samples  reverse  by  slow  nucleation  followed  by  relatively  rapid  domain  wall  motion.  The  saniples 
with  larger  uniaxial  anisotropies  and  smaller  saturation  magnetizations  reverse  completely  for 
applied  fields  less  than  the  coercivity,  while  those  samples  on  the  other  end  of  the  spectrum  do  not. 

TTie  magnetization  reversal  curv’es  are  correlated  with  the  shapes  of  the  hysteresis  loops,  and  the 
experimental  results  are  interpreted  using  a  recently  developed  uniaxial  anisotropy  model  of 
magnetization  reversal.* 


Research  sponsored  by  the  NSF  under  Grant  No.  DMR-8918889  and  by  the 
Research  Qrrporation. 

‘  R  0.  Kirby,  J.  X.  Shen,  R.  J.  Hardy,  and  D.  J.  Sellmyer,  Phys.  Rev.  B  (to 
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Remanence  and  coercivity  in  exchange  coupled  amorphous  R-TM/Fe 
bilayers  and  multilayers  (abstract) 

Hong  Wan,  A.  Tsoukatos,  and  G.  C.  Hadjipanayis®^ 

Department  of  Physics  and  Astronomy,  University  of  Delaware,  Newark,  Delaware  19716 

We  have  investigated  the  hysteresis  behavior  of  rare-earth  (R)-transition  metal  (TM)  bilayers  and 
multilayers  consisting  of  a  fine  mixture  of  hard  and  soft  phases.  The  films  with  biiayer  thickness  in 
the  range  of  5-100  A  were  fabricated  using  a  dc  sputtering  system.  X-ray  diffraction  was  used  to 
check  the  crystal  structure  and  multilayer  structure.  The  magnetic  properties  were  measured  with  a 
SQUID  magnetometer  in  the  temperature  range  of  10-300  K  with  fields  up  to  55  kOe.  A  strong 
exchange  coupling  between  the  hard  magnetic  phase  (R-TM)  and  the  soft  phase  (Fe)  leads  to  a 
smooth  hysteresis  loop  in  samples  with  a  certain  thickness  range.  The  remanent  magnetization  is 
enhanced  significantly  at  the  expense  of  a  reduced  coercivity.  For  example,  in  NdFe/Fe  multilayer 
films,  the  reduced  remanence  increases  from  0.63  to  0.92  at  10  K  while  the  coercivity  decreases 
from  9.3  to  1  kOe  as  the  Fe  layer  thickness  is  varied  from  0  to  10  nm.  The  effect  of  interface 
roughness  on  the  exchange  coupling  has  been  investigated  via  different  sputtering  pressures  and 
rates.  The  dependence  of  magnetic  hysteresis  on  the  layer  thickness  and  temperature  has  been 
examined  and  the  results  will  be  reported. 


■'Work  supported  by  NSF  DMR-8917028. 
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Paramagnetic/ferrdmagnetic  transition  of  Co/Cu(001)  fiims  during  growth 
(abstract) 

F.  0.  Schumann,  M.  E.  Buckley,  and  J.  A.  C.  Bland 

Cavendish  Laboratory,  Madingley  Road,  Cambridge  CBS  OHE,  United  Kingdom 

We  have  investigaled  paramagnetism  in  epitaxial  Co/Cu(001)  films  grown  at  room  temperature  in 
ultrahigh  vacuum  (UHV)  using  the  transverse  magneto-optical  Kerr  effect.  These  measurements  are 
made  possible  by  the  very  strong  magnetic  response^  of  a  two-dimensional  (2D)  paramagnet,  and  in 
this  way  we  have  extended  our  previous  study  of  the  thickness  dependent  coercivity  close  to  the 
magnetic  phase  transition.^  The  optical  reflectivity  was  used  to  determine  the  thickness  in  reduced 
units  dldc  to  better  than  10%  accuracy  where  the  critical  thickness  dc  is  determined  by  the  onset  of 
long-range  order.  In  the  paramagnetic  region  we  observe  a  linear  M-H  curve  with  a  sensitively 
thickness  dependent  saturation  field  which  decreases  to  zero  as  the  critical  thickness  d^  is 
approached.  At  the  critical  point,  the  onset  of  long  range  order  is  manifested  by  a  strongly' 
thickness-dependent  coercive  field  which  is  found  to  increase  from  zero  with  thickness  as  a 
power  law.^ 


'D.  Kerkmann,  D.  Pescia,  and  R.  Allenspach,  Phys.  Rev.  Lett.  68,  686 
(1992). 

^F.  0.  Schumann  and  J.  A.  C.  Bland,  J.  Appl.  Phys.  73,  594  (1993). 


Photothermaily  modulated  ferromagnetic  resonance  investigations 
of  epitaxially  grown  thin  films  (abstract) 

R.  Meckenstock,  F.  Schreiber,  0.  von  Geisau,  and  J.  Pelzl 

Institut  fur  Experimentalphysik  III,  Ruhr-Universitat,  44780  Bochum,  Germany 

Photothermaily  modulated  (PM)  ferromagnetic  resonance  (FMR)  is  applied,  for  the  first  time,  to 
locally  investigate  the  magnetic  anisotropy  of  thin  epitaxially  grown  Fe  and  Co  films.  The  PM-FMR 
measurements  were  performed  at  9.2  GHz  in  an  optical  cavity.  The  microwave  resonance  absorption 
was  thermally  modulated  by  an  intensity  modulated  laser  beam  and  the  change  of  the  microwave 
power  reflected  at  the  cavity  was  synchronously  detected  by  a  lock-in  amplifier.  By  focusing  the 
laser  beam  a  lateral  resolution  of  20  /tm  could  be  achieved.  The  PM-FMR  signal  was  studied  as  a 
function  of  the  position  of  the  laser  spot  on  the  film,  of  the  modulation  frequency  (10  Hz-10  MHz) 
and  of  the  temperature.  The  PM-FMR  measurements  were  complemented  by  temperature  (5-700  K) 
and  angle  dependent  conventional  FMR  studies.  The  temperature  variation  of  the  PM-FMR  and  its 
comparison  with  the  behavior  of  the  conventional  signal  yields  evidence  for  a  signal  generation 
process  of  the  PM-FMR  that  is  governed  by  anisotropy  effects.  Therefore  the  local  variation  of  the 
PM-FMR  signal  was  used  to  deduce  the  lateral  inhomogeneity  of  the  magnetic  anisotropy  in  the 
plane  of  the  films. 
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StructurlEii  and  magnetic  characteristics  of  CosiCrig/Ai  muitiiayers 
deposited  by  piasma-free  Sputtering  with  Kr  gas  (abstract) 

takakazu  takahashi 

Department  of  Electronic  and  Computer  Engineering,  Faculty  of  Engineering,  Toyama  University,  3190, 
Gofuku,  Toyama-shi,  Toyama  930,  Japan 

Masahiko  Naoe 

Department  of  Physical  Electronics,  Faculty  of  Engineering,  Tokyo  Institute  of  Technology,  2-12-1, 
0-okayama,  Meguro-ku,  Tokyo  152,  Japan 

In  multilayers  deposited  by  sputtering,  interfaces  between  each  layer  are  necessary  to  be  extremely 
sharp  and'flat.  ITierefore,  the  kinetic  energy  and  number  of  sputtering  gas  atoms  and  ions  recoiled 
from  the  target  plane  must  be  satisfactorily  decreased.  So,  in  this  study,  Kr,  which  is  heavier  than 
both  Co  and  Cr  in  atomic  weight,  was  used  as  a  sputtering  gas,  while  Ar  used  in  conventional 
sputtering  is  lighter  than  them.  The  CosiCrip/Al  multilayers  have  been  prepared  on  plasma-free 
glass  slide  substrate  at  room  temperature  by  alternately  depositing  Co8jCrj9  and  A1  layers,  using  the 
facing  targets  sputtering  (FTS)  apparatus.  The  thickness  of  Co8iCri9  layer  /co.cr  was  varied  in  the 
range  of  45-140  A,  while  the  thicknesses  of  A1  layer  /yy  were  approximately  7  and  14  A.  The  total 
layer  thickness  was  in  the  range  of  1450-1530  A.  It  has  been  found  from  the  small  angle  x-ray 
diffraction  diagrams  and  the  scanning  electron  microscope  (SEM)  images  that  the  clear  periodic 
structure  could  be  formed  in  all  specimen  multilayers.  In  the  multilayers  >vith  l„\  of  7  A,  the 
Co8iCri9  layers  were  intrinsically  composed  of  hep  phase  crystallites  with  c-axis  orientation  A05o 
noimal  to  the  layer  plane  ranging  from  5.4  to  8.4.  In  the  multilayers  with  /^j  of  14  A,  the  Co8iCri9 
layers  seemed  to  be  composed  of  hep  phase  crystallites  with  very  large  of  which  value  could 
not  be  estimated.  However,  for  all  specimen  multilayers,  the  interplanar  spacing  between  (002) 
planes  </(oo2)  were  in  the  range  of  2.033-2.038  A.  These  values  were  nearly  equal  to  those  of 
Co8iCri9  single  layer  films  (2.035  A).  Af  j  and  He  were  significantly  varied  in  the  range  of  500-1150 
emu/cc  and  35-260  Oe,  respectively.  In  the  multilayers  with  /yy  of  7  A,  (MrlMs)i  was  in  the  range 
of  0.28-0.36  and  the  perpendicular  magnetic  anisotropy  was  rather  remarkable.  On  the  other  hand, 
in  the  multilayers  with  /yy  of  14  A,  {Mr/Ms)i  was  in  the  range  of  0.61-0.7  and  the  in-plane 
magnetic  anisotropy  was  significantly  dominant.  Co-Cr  grains  for  /yy  of  14  A  were  finer  than  those 
for  /yy  of  7  A.  These  results  may  indicate  that  the  kinetic  energy  and  number  of  atoms  and  ions 
recoiled  from  the  target  plane  were  significantly  decreased  by  using  Kr  instead  of  Ar.  So,  the 
multilayers  deposited  by  sputtering  with  Kr  gas  had  excellently  sharp  and  flat  interfaces  suitable  for 
use  of  the  apparent  magnetoresistance  effect. 
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Magnetotrahspdrt  and  Giant 
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Effects  of  exchange  bond  disorder  on  transport  measurements 

P.  A.  Stampe,  H.  Ma  H..P.;Kunkel,  and  G.  Williams 

Department  of  Physics,  University  of  Manitoba,  Winnipeg  MB  R3T  2N2,  Canada, 

Measurements  of  the  low  field.r«istive  .anisotropy.  (LFRA)  in  amomhous.Fe9iZr9  with  and  without 
hydrogen  loading  are  presented, .The  temperature  dependency  of  these  data  is  compared  with  model 
calculations.of  the  quadrupplar  term.[{(5|)7-)j-5(5+i)/3j,  from  which  it  is  concluded  that  the 
model  calculations  reproduce  both  the  temperature  and  the  exchange  bond  dependence  of  this 
transport  coefficient. 


I.  INTRODUCTION 

The  influence  of  exchange  bond  disorder  on  the  mag¬ 
netic  properties  of  interacting  spin  systems  has ’been  studied 
extensively  from  both  an  experimental  and  a  theoretical 
standpoint  for  a  number  of  year.*’"  Briefly,  in  the  frequently 
quoted  approach^  in  which  the  exchange  bond  distribution  is 
approximated  by  a  Gaussian  with  first  and  second  moments 
/q  and  J  respectively,  models  predict  that  the  ground  state  of 
the  system  is  a  ferromagnet  when  the  ratio  a 

spin-glass  when  rpil,  while  for  l<ij<2  sequential  para¬ 
magnetic  to  ferromagnetic  to  (transverse)  spin-glass  transi¬ 
tions  occur  on  cooling.  Many  of  these  predictions  are  in 
agreement  with  experiment;  in  systems  with  t}>1&  well  de¬ 
fined  paramagnetic  to  ferromagnetic  phase  transition  is  ob¬ 
served  at  temperature  Td^Jo),  often  exhibiting  asymptotic 
critical  exponents  close  to  the  values  predicted  by  the  isotro¬ 
pic,  3d  Heisenberg  model^  (in  agreement  with  the  Harris 
criterion^).  Away  from  the  critical  point  the  influence  of  the 
exchange  distribution  can  be  seen  in  a  marked  temperature 
dependence  of  the  effective  exponent.^’®  Experiments  on  sys¬ 
tems  with  77<1  now  appear  to  agree  that  a  true  phase  tran¬ 
sition  occurs  at  temperature  rsg(ocJ)  marked  by  a  divergence 
in  the  nonlinear  response  (reflecting  a  more  complex  order 
parameter/function).  Experiments  on  sequential  transitions, 
however,  remain  controversial. 

By  contrast  much  less  effort  has  been  directed  towards 
understanding  the  transport  properties  of  these  systems; 
those  few  model  approaches  that  have  been  investigated 
have  focused  primarily  on  the  effects  of  disorder  on  scatter¬ 
ing  from  low-lying  collective  excitations,’’*  i.e.,  at  tempera¬ 
tures  well  below  the  transition  temperature. 

Here  we  r''^  the  results  of  the  effects  of  exchange 
bond  disorder  on  a  novel  transport  coefficient — the  low  field 
anisotropy  in  the  magnetoresistance — and  compare  the  re¬ 
sults  of  model  calculations  with  measurements  on  amor¬ 
phous  (x— 0.1)  with  and  without  hydrogen  loading. 

Fe-Zr  is  a  well-known  system  in  which  simple  hydrogena¬ 
tion  can  convert  a  non-collinear  ferromagnet  to  a  uniform 

’’Present  address:  Department  of  Electrical  Engineering,  University  of  Tor¬ 
onto,  Toronto  ON  MSS  1A4,  Canada. 


ferromagnet  reflecting  a  narrowing  of  the  exchange  bond  dis¬ 
tribution  (i.e.,  an  increase  in  tj). 

,11.  DESCRIPTION  OF  MODEL 

The  low  field  resistive  anisotropy  (LFRA)  is  given  by 
the  ratio  ^ 

Ap(//„)  [3[pB(HJ-px(//J3) 

Po  p„(//„)  +  2p,(//J 

for  a  single  small  applied  field  Pifla  •  This  ratio  differs  from 
the  more  well  established  spontaneous  resistive  anisotropy 
(SRA),  defined  as 

Ap(B)  [3[p„(B)-p^(B)] 

Po  p|j(B)  +  2pJB) 

in  which  the  extrapolation  implicit  in  Eq.  (2)  is  not  only 
based  on  the  induction^  B,  but  also  utilizes  the  variation  of  p| 
and  pj^  above  techni-.!  saturation  in  making  this 
extrapolation*®.  We  advocate  the  use  of  the  former  in  char¬ 
acterizing  the  behaviour  of  spin  systems  near  a  potential 
transition  where  the  application  of  a  large  field/induction  can 
significantly  alter  the  intrinsic  spin  configuration/ 
polarization. 

The  occurrence  of  a  magnetoresistive  anisotropy  re¬ 
quires  two  basic  ingredients,  an  internal/external  field  to  po¬ 
larize  the  spin  system  and  spin-orbit  coupling  (and  hence  an 
orbital  component)  at  scattering  centers.  Both  localized  and 
itinerant  models  have  been  used  to  analyze  the  SRA,  but  the 
origin  of  the  anisotropy  is  more  easily  understood  and  calcu¬ 
lated  from  localized  approaches.  Orbital  components  are  as¬ 
sociated  with  non  spherical  charge  distributions,  and  a  mul- 
tipole  moment  analysis  of  such  a  distribution  indicates  that 
the  lowest  order  contribution  to  the  anisotropy/asymmetry 
arises  from  the  electric  quadrupole  moment  (the  electric  di¬ 
pole  term  vanishes  in  a  central  potential).  The  corresponding 
Hamiltonian  Sif  for  conduction  electron  scattering  from  state 
k  to  k'  can  then  be  written  as** 
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V+JS^a-^  {(S-k)(S-k') 

■Ic,k'  >l  . 

■^S(5'+ l)k.k73}  a*, a*  (3) 

in  which  V  represents  the  screened  Coulomb  potential  at  the 
scattering  site,  JS.<r  the  familiar  exchahge/maghetic  dipole 
coupling  between  a  localized  spiii  (S)  and'a  conduction  elec¬ 
tron  (spin  <r),  with- the  final  term  describing  scattenhg 'from 
the  electric  quadrupole  moment  D.  In  the  often  realized  limit 
V>J,b  the  associated  anisotropy  becomes” 

[p||(B)-pj.(5)]/po-|^|[(S|)-5.(S+l)/3.]  (4) 

as  the  first  two  terms  in  are  isotropic  in  polycrystal/ 
amprphous  systems;  this  .anisotropy  exhibits  the  familiar 
(3  cos^d-1)  angular  variation  expected  from  quadrupolar  ef¬ 
fects  with  axial, symmetry  , about  the  field  direction' . 

The  localized  model  that  we  have  investigated  utilizes  an 
effective  field  Ising  approach'^  incorporating  a  uniform  ex¬ 
ternal  field  hg ,  random  local  spin-spin  exchange  coupling 
Jij ,  and  arbitrary  spin  quantum  number  S.  The  Jy’s  are  as¬ 
sumed  to  be  Gaussian  distributed,  as  discussed  above,  lead¬ 
ing  to  a  set  of  coupled  equations'**  for  the  thermal  and  ex¬ 
change  averaged  magnetization  m  =  {{S2)T)j  and  the 
parameter  q={(Sjr)x)j : 

ffi  (/i ,  T)  =  ( 2  tt)  "  (A;)exp(  -  a^/2  )da; 

(5) 

qi^hj)  =  (27r)"  S^Bj(x)exp(  ~  a^l2)da 
J  -00 

in  which  the  argument  x  of  the  Brillouin  function  Bg(x)  is 
given  by  x=sQQm+ja<iq+hg)lkBT.  In  such  a  model  the 
thermal  average  implicit  in  Eq.  (4)  is  replaced  by  the  double 
average  {{S^t)j.  Furthermore,  due  to  the  limitations  im¬ 
posed  by  the  Ising  characteristics  of  the  model,'*  the  ratio 
JqIJ  has  been  kept  larger  than  1.25  so  that  a  paramagnetic  to 
ferromagnetic  transition  alone  occurs  on  cooling. 

III.  EXPERIMENTAL  DETAILS  AND  RESULTS 

The  measurements  presented  here  were  carried  out  on  a 
ribbon  sample  of  amorphous  FegjZrg  with  and  without  hy¬ 
drogen  loading;  details  of  the  melt  spinning'*  and  loading'’ 
techniques  have  given  previously.  The  specimens,  of  ap¬ 
proximate  dimensions  (32X1X0.02)  mm*,  were  mounted  so 
that  the  measuring  current  flowed  along  the  largest  dimen¬ 
sion,  and  the  low  field  longitudinal  (||)  and  transverse  (1) 
magnetoresistance  measured  (using  an  ac  technique'’)  by  ro¬ 
tating  an  electromagnet  (the  field  was  applied  along  the  two 
larger  sample  dimensions).  The  remanent  field  of  the  magnet 
mT)  introduces  no  significant  modification  to  ei¬ 
ther  the  intrinsic  spin  alignment  or  the  conduction  electron 
trajectories;  basically  it  is  used  simply  to  render  the  sample 
single  domain  over  distances  comparable  to  a  mean-free 
path. 

Figure  1  summarizes  measurements  of  the  LFRA 
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FIG.  1.  The  low  field  resistive  anisotropy  Ap(i/r)/pn  plotted  against  tem¬ 
perature  [r(K)]  in  the  vicinity  of  the  Curie  temperature  for  amorphous 
Fe9|Zr9  with  (A)  and  without  (•)  hydrogen  loading.  The  lines  drawn  cor¬ 
respond  to  values  of  the  coefficient  A(i})  (see  the  text)  of  21X10'^  and 
16X10"*  respectively. 


[p|](//,)-pj.(//,))/po  in  the  temperature  interval  immedi¬ 
ately  below  Tg,  The  latter  temperature  was  estimated  from 
the  temperature  at  which  the  LFRA  first  vanished,  and  con¬ 
firmed  by  detailed  field  and  temperature-dependent  ac  sus¬ 
ceptibility  measurements.'®  This  agreement,  incidentally, 
confirms  that  the  polarizing  field  in  the  present  experiment  is 
the  exchange  field,  which  collapses  at  Tg .  Figure  1  clearly 
demonstrates  that  immediately  below  Tg  the  LFRA 
Ap{Hr)/po  can  be  expressed  as 

i.p(H,)lp„=A(r,)(T,-T)IT,  (6) 


0.75 


FIG.  2.  The  calculated  variation  of  the  quadrupolar  term  with  reduced  tem¬ 
perature  for  j?  values  of  5  (•),  1.67  (■)  and  1.25  (A);  these  calculations  use 
a  local  spin  value  ofS=5/2  and  an  applied  field  of  5  mT  (when  r<,=200  K). 
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with  the  coeffient  A(j7)  increasing  with  hydrogen  loading. 
The  introduction  of  hydrogen  is  known  to  not  only  increase 

(and  hence  Jq — ^as  can  be  seen  from  Fig.  1)  but  also  to 
suppress  the  so-called  reentrant  transition,*®  thus  reducing  J. 
Specifically  then,  the  coefficient  A  (17)  increases  as  the  ratio 
decreases.  Additional  measurements  support  this 
conclusion.*’’*® 

Figure  2  reproduces  calculations  of  the  quadrupolar  term 
[((S|)7-)y-S(S+l)/3]  plotted  as  a  fonction  of  reduced 
temperature  t=TIT^,  a  natural  parameter  of  the  model  de¬ 
scribed  above.  A  comparison  of  Figs.  1  and  2  indicates  that 
these  model  calculations  not  only  reproduce  the  essentially 
linear  increase  of  the  LFRA  with  decreasing  temperature  im¬ 
mediately  below  Jj. ,  but  they  also  replicate  the  increase  in 
the  coefficient  A  (57)  (the  slope  of  the  plots  shown  in  Fig.  1) 
with  decreasing  bond  disorder,  viz.  increasing  rf. 

It  is  important  to  bear  in  mind  in  making  this  comparison 
that  it  is  the  ratio  Ap(//r)/A)  which  is  compared  with  the 
quadrupolar  term.  As  indicated  in  Eq.  (6),  by  taking  this  ratio 
the  details  of  the  band  stmcture  are  removed  as  they  contrib¬ 
ute  in  the  same  way  to  both  Ap(/f,)  and  po;  however  as  is 
also  clear  from  this  equation,  the  ratio  of  the  two  coupling 
constants  (D/V)  is  involved  in  the  relationship  between  the 
LFR.'-v  ratio  and  the  quadrupolar  term.  In  making  the  above 
comparison  it  is  assumed  that  the  term  {DIV)  is  basically 
unchanged  on  hydrogenation,  an  assumption  we  suggest  is 
reasonable  based  on  the  following  observations.  The  amount 
of  hydrogen  introduced  in  the  present  experiment  was  delib¬ 
erately  kept  small— -we  have  no  direct  means  of  measuring 
the  hydrogen  uptake,  but  the  increase  in  following  charg¬ 
ing  in  the  present  experiment  (~7  K)  is  far  less  than  that 
accompanying  complete  loading*®  (~200  K).  The  room  tem¬ 
perature  resistivity  was  also  monitered  before  and  after 
charging,  and  it  remained  essentially  unchanged  between 
120-125  /iftcm  within  experimental  error  (typically  «5%, 
due  primarily  to  shape  factor  uncertainties).  From  this  it  is 
inferred  that  po — and  hence  V — remains  unchanged,  so  that 
the  above  assumptions  appear  to  be  valid  provided  D  is  not 
sipificantly  altered.  We  know  of  no  direct  means  to  estimate 
this  parameter,  but  naive  arguments  suggest  at  least  qualita¬ 
tively  that  the  introduction  ot  impurities  of  low  atomic  num¬ 
ber  might  be  expected  to  weaken  the  overall  influence  of 
spin-orbit  effects — and  hence  reduce  the  anisotropy — rather 
than  enhance  them  as  observed. 


IV.  CONCLUSIONS 

Measurements  of  the  LFRA  in  Fe9iZr9  with  and  without 
hydrogen  loading  are  compared  with  model  calculations  of 
the  quadrupolar  term  [((5i)r)/~‘^(5+l)/3].  These  calcu¬ 
lations  reproduce  not  only  the  linear  increase  in  the  LFRA 
with  decreasing  teinperature  immediately  below  ,  but  also 
the  increase  in  mapitude  of  the  LF^  with  hydrogen  load¬ 
ing.  Such  transport  measurements  can  thus  provide  useful 
information  on  the  extent  of  the  exchange  bond  variance  in 
disordered  conductors.  The  full  extent  of  this  usefulness  will 
be  determined  by  future  experiment  and  model  calculation. 
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In  ferromagnetic  systems  with  random  anisotropy  (RA),  long-range  magnetic  order  is  destroyed  and 
the  correlation  function  of  the  magnetization  exhibits  an  exponential  form  where  the 

correlation  length  R{  corresponds  to  the  size  of  Imry-Ma  domains.  Also,  the  law  of  approach  to 
magnetic  saturation  follows  a  V-jH  law  [ferromagnet  with  wandering  axis  (FWA)  regime].  We  have 
calculated  the  effect  of  magnetic  correlations  on  the  electrical  resistivity  and  magnetoresistance  of 
a  RA  ferromagnetic  system  at  low  temperatures.  We  find  that  in  zero  magnetic  field  RA  introduces 
a  positive  contribution  into  the  electrical  resistivity,  which  increases  with  the  anisotropy  to  exchange 
ratio,  jD/iT  In  the  FWA  regime  the  magnetoresistance  has  a  logarithmic  dependence  on  the  magnetic 
field  with  a  slope  Ap/(p  In  H)  inversely  proportional  to  Rf,  These  features  have  been  observed  in  an 
experimental  study  of  the  magnetoresistance  at  low  temperatures  (7’«='4  K)  of  the  amorphous  series 
(Dy;tGdi  _;c)Ni  in  which  the  Diy ratio  can  be  varied  from  near  zero  up  to  one  from  GdNi  to  DyNi. 

A  quantitative  analysis  of  the  results  enables  the  direct  determination  of  the  conelation  length  Rf 
and  of  the  volume  of  stmctural  correlations  .  We  find  that  Rf  varies  from  about  12  A  in  DyNi  up 
to  300  A  in  (Dyo  iGdo9)Ni  and  is  the  same  throughout  the  series  (n^^aSOO  A^)  in  excellent 
agreement  with  the  values  determined  from  magnetic  measurements  on  the  approach  to  saturation. 
These  results  provide  an  independent  confirmation  of  the  exponential  decay  with  distance  and  field 
dependence  of  magnetic  correlations  in  random  anisotropy  systems. 


I.  INTRODUCTION 

Magnetic  interactions  make  an  important  contribution  to 
transport  properties  of  metals,  in  particular  in  the  vicinity  of 
phase  transitions,  where  magnetic  correlations  play  a  crucial 
role.  These  effects  have  been  deeply  investigated  in  the 
past,*‘^  both  experimentally  and  theoretically.  In  the  case  of 
magnetic  amorphous  metals,  in  particular  rare-earth-based 
random  anisotropy  systems,  in  which  long-range  ferromag¬ 
netic  order  is  supressed  by  disorder,  the  situation  is  not  so 
well  understood.  In  fact,  the  theoretical  studies  of  the  mag¬ 
netic  contribution  to  the  electrical  resistivity  done  so  far 
(Asomoza  et  al.^  Bhattacharjee  and  Coqblin,'*  Borchi  et  al.^) 
have  always  used  severe  approximations  in  the  description  of 
magnetic  correlations,  namely  mean-field  approximations 
beyond  first  neighbor  distances. 

Recent  theoretical  studies  of  the  low-temperature  (T =0) 
random  anisotropy  magnetism  by  Ignatchenko  and  Ishkakov® 
and  Chudnovsky  et  al?  reached  a  thorough  understanding  of 
the  interplay  of  magnetic  and  structural  correlations  in  these 
systems,  which  are  described  by  the  HPZ  Hamiltonian* 

(n.-tr.y-H-S  A/.o-;. 

/  #  /  I  i 

(1) 

yand  D  are  the  strengths  of  the  exchange  and  random 
anisotropy  interactions.  The  random  anisotropy  directions 
are  given  by  the  vector  n,- ,  and  a,  is  the  normalized  magnetic 
moment  at  each  site  a-,=M,/Mj. 

Using  a  continuous  version  of  this  Hamiltonian  it  was 
shown  that  in  zero  magnetic  field  the  reduced  magnetic  cor¬ 
relation  function  decays  exponentially  with  distance; 


( cr(ri )  •  a(  r2) )  =  exp(  I  r,  -  rzl/R/) . 

The  magnetic  correlation  length  Rf  corresponds  to  the 
size  of  Imry-Ma  domains’  and  is  given  by 


where  a  is  the  distance  between  magnetic  nearest  neighbors 
(z)  and  fij  is  the  volume  of  correlation  of  random  anisotropy 
directions  (structural  short-range  order). 

On  the  other  hand,  when  a  magnetic  field  is  applied 
see  below)  and  the  system  approaches  saturation 
[ferromagnet  with  wandering  axes  (FWA)  regime],  the  cor¬ 
relations  between  transverse  components  of  the  magnetiza¬ 
tion  [ai(r)]  also  decay  exponentially,  but  with  a  new  corre¬ 
lation  length,  Rh  : 

(aj.(r,)-Ox(r2))=(oi)exp(-|ri-r2|/R//),  where  (o^) 
represents  the  reduced  deviation  of  magnetic  moments  to 
saturation  {oj)-2{M M)/M ^  and  varies  like  1/^H  in  the 
FWA  regime.  The  transverse  correlation  length  is  given  by 
Rh  -  ~  where //ex=zy6flA/j/?a  and 

Ra  is  the  structural  correlation  length  (ft<.»Ra). 

These  predictions  have  already  been  confirmed  experi¬ 
mentally,  in  particular  with  studies  of  the  law  of  approach  to 
saturation, concerning  the  I/^IH  dependence  of  the  mag¬ 
netization  and  neutron  diffraction  experiments,^  as  concerns 
the  presence  of  exponential  correlations  and  characteristic 
parameters,  Rf  and  Rf{ . 

II.  THEORY 

We  have  extended  this  treatment  to  the  effects  of  mag¬ 
netic  correlations  on  the  resistivity  and  magnetoresistance  of 
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TABLE  I.  Characteristic  parameters  of  the  samples  of  the  system 
(Dy^Gdi.jNi  defermined  from  magnetic  studies:  Op ,  the  paramagnetic  Cu¬ 
rie  temperature;  D/if  the  ratio  of  anisotropy  and  exchange;  and  fJy,  the 
ferromagnetic  correlation  length  at  7’=0. 


Sample 

«»p(K) 

Di.r 

Rfla 

Rfik) 

DyNi 

14 

0.95 

3.6 

12 

25 

0.74 

5.3 

17 

(Dyo.5Gdos)Ni 

38.5 

0.55 

10.5  ■ 

34 

(Dyo  25G4)  75)^1 

51.5 

0.32 

26.9 

86 

(Dyo.tD4)9)Ni 

58.6 

0.19 

82.2 

263 

random  anisotropy  systems  at  low  temperatures,  considering 
the  scattering  of  electrons  by  magnetic  rare-earth  ions  of  an¬ 
gular  momentum  J.  For  this  calculation  we  used  the  ap¬ 
proach  of  de  Gennes  and  Friedel*^  for  coherent  magnetic 
scattering,  which  directly  includes  the  Fourier  transform  of 
spatial  magnetic  correlation  functions,  including  appropriate 
modifications  for  low  temperatures.^ 

The  magnetic  contribution  to  the  electrical  resistivity  at 
//=0  is  given  by 


P„{T=0,H=0)  =  Pm 


c 


J  2ttc^ 

7-h  ■*■(1^ 


(3) 


The  first  part  represents  the  single  ion  contribution  and 
the  second  one  the  effect  of  correlations,  for  which  we  define 
the  function  F(;i;)=[ln(l+jc^)-je^/(l+ji:^)]/jc.  p/^  is  the 
spin  disorder  resistivity  of  the  rare-earth  magnetic  ions  (scat¬ 
tering  at  high  temperatures),  c  is  their  concentration,  kp  is 
the  Fermi  wave  vector,  and  d  is  the  average  interatomic  dis¬ 
tance  in  the  alloys.  Notice  that  the  magnetic  correlations  in 
random  anisotropy  systems  always  give  rise  to  a  positive 
contribution. 

Under  an  applied  magnetic  field  the  expressions  are 
more  complex.  In  the  FWA  regime,  where  and  as 

we  have  typically  {IkpRf)^,  {2kpRf])^>\,  a  considerable 
simplification  can  be  achieved.  One  finally  finds  that  the 
magnetoresistance  Ap/p  has  a  logarithmic  dependence  on  the 
magnetic  field: 

TTC^ 

InH.  (4) 


lit.  RESULTS 

We  present  an  experimental  study  of  the  low- 
temperature  magnetoresistance  of  the  random  anisotropy 
amorphous  series  (Dy^Gd,  __t)Ni  in  which  the  Diy ratio  can 
be  varied  from  near  zero  (in  GdNi)  to  about  one  (in  DyNi) 
without  sizeable  structural  and  electronic  changes.  The  char¬ 
acteristic  magnetic  parameters  of  these  samples  determined 
in  previous  studies*®’*^’*''  are  presented  in  Table  I.  In  Figs.  1 
to  3  we  present  the  magnetoresistance  measured  near  4  K  in 
the  samples  a:=1,  0.75,  and  0.1.  The  logarithmic  dependence 
is  clearly  observed,  especially  in  the  samples  with  larger 
D/y ratio.  Notice  that  the  magnetoresistance  diminishes  by  a 
factor  15  from  DyNi  to  (Dyo  jGdo9)Ni. 

To  make  a  quantitative  analysis  of  the  results  we  note 
that  the  slope  of  the  logarithmic  field  dependence  is 


InH(kOe) 


FIG.  1.  Magnetoresistance  of  the  sample  DyNi  as  a  function  of  the  loga¬ 
rithm  of  the  applied  magnetic  field. 


Sif=Ap/plnH=-'irc^Pi^f/p(0){kpd)^kpRf,  where  p(0)  is 
the  electrical  resistivity  of  the  samples  (formally  at  T =0),  for 
which  we  can  take  the  room  temperature  value,  200 
JJ^l  cm.'^ 

To  determine  we  need  to  estimate  the  values  of  p/^ 
and  kp  for  these  alloys,  and  take  the  concentration  of  mag¬ 
netic  ions  c=0.5.  We  assume  that  the  magnetic  ion  contribu¬ 
tion  Pm  varies  linearly  with  x  between  the  two  ends  of  the 
series  p^(Gd)=125  pXl  cm  and  p^(Dy)=71  /nil  cm,  the  ex¬ 
perimental  values  for  polycrystalline  metals.’^  We  use 
Pm(-*)=‘21.x+125(1-a;)  /uficm.  The  value  of  kp  is  esti¬ 
mated  in  a  free  electron  approach  as  kp=3Tr^z*/d^,  where 
z*  is  the  number  of  free-like  electrons  per  atom’®  and  d^  is 
the  average  atomic  volume.  While  in  simple  metals  (Na,  Cu, 
etc.)  one  can  take  z*  equal  to  the  number  of  s  electrons  in 
their  valence  atomic  orbitals  (z*  =  l  for  Na,  Cu,  z*=2  for 
Mg),  in  the  case  of  transition  metals  or  rare-earth  metals  with 
an  incomplete  d  band  (as  Ni,  Gd,  Dy)  the  estimate  of  z*  is 
more  delicate.  In  the  Friedel  band  model,  in  which  the  d 
band  density  of  states  is  approximated  by  a  constant,  one 


InH(kOe) 


FIG.  2.  Magnetoresistance  of  the  sample  (Dyo75Gdo,25)Ni  as  a  function  of 
the  logarithm  of  the  applied  magnetic  held. 
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FIG.  3.  Magnetoresistance  of  the  sample  (Dyo  iGdo9)Ni  as  a  function  of  the 
logarithm  of  the  applied  magnetic  field. 

obtains  the  following  values  for  the  number  of  electrons  in 
parabolic  bands  (2*=0.81  for  Ni  and  2*=0.54  for  La,  which 
is  adequate  for  Gd  and  Dy).  Values  of  z*  lower  than  the 
chemical  valence  are  experimentally  confirmed  by  transport 
properties,  like  the  Hall  effect  in  Fe-Au  and  Ni-Au  alloys*’ 
which  give  z*=0.6  for  Fe  and  Ni.  We  therefore  estimate 
z*=0.6  for  all  the  samples,  and  from  this  we  obtain 
kpd-2.6. 

The  values  of  Rf  determined  from  magnetoresistance  are 
presented  in  Table  II.  The  normalization  Rf/a  is  obtained  by 
noting  that  d^=0.5a^. 

We  notice  a  remarkable  agreement  between  the  values  of 
the  magnetic  correlation  lengths  obtained  from  both  proce¬ 
dures.  This  is  clearly  apparent  in  Fig.  4,  where  we  present 
both  values  as  a  function  of  Both  data  sets  have  the 

best  fitted  straight  line,  a/Rf=0.32{D/y^^.  Using  Eq.  (2) 
and  number  of  nearest  neighbors  z*=6,  we  also  find  that  the 
structural  correlation  volume  Cl^  is  constant  through  the  se¬ 
ries  ftj=16a^‘»510  A^  in  agreement  with  x-ray 
determinations.*** 

IV.  CONCLUSIONS 

We  have  shown  that  the  characteristic  magnetic  correla¬ 
tions  in  random  anisotropy  alloys  can  also  be  related  to  elec¬ 
tron  transport  properties  and  that  the  magnetic  correlation 


TABLE  11.  Results  of  transport  studies;  Sh  ,  the  slope  of  the  magnctoresis- 
tance  vs  In  //  and  ;  the  ferromagnetic  conelation  length  at  T =0,  normal¬ 
ized  by  the  interatomic  (d)  and  rare-earth  (a)  distances. 


Sample 

-S«(10-^) 

Rfid 

Rfla 

DyNi 

1.27 

4.73 

3.75 

(DyorjGdozslNi 

1.28 

5.59 

4.42 

(^^yo.}Gdo5)Ni 

0.46 

18.0 

14.2 

(Dyo  iGdo9)Ni 

0.086 

118 

93.2 

FIG.  4.  Variation  of  the  ferromagnetic  correlation  length  Rf  with  D/yi 
Circles  and  triangles  represent  the  values  obtained  from  magnetization  and 
magnetorcsistance  studies,  respectively.  The  linear  dependence  shows  that 
the  structural  correlation  volume  is  the  same  throughout  the  series 
(n^=16fl’«-510A^). 

length  Rf  and  the  structural  correlation  volume  fl<.  can  be 
obtained  directly  from  magnetoresistance  measurements. 
These  results  give  additional  confirmation  of  the  approach 
developed  by  Chudnovsky  et  al.  in  which  transverse  mag¬ 
netic  correlations  decay  exponentially  with  the  correlation 
length  Rff^tl^H  under  an  applied  field.  Furthermore  they 
show  the  relevance  of  transport  measurements  in  the  study  of 
disordered  magnetic  systems. 
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/n  s/Yci  magnetic  and  structural  analysis  of  epitaxial  Ni8oFe2o  thin  films 
for  spin-vaive  heterostructures 
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Thomas  J.  Watson  Laboratory  of  Applied  Physics,  California  Institute  of  Technology,  Pasadena, 
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We  have  investigated  structural  and  magnetic  properties  of  epitaxial  (100)  Ni8oFe2o  films  grown  on 
relaxed  Cu/Si(100)  seed  layers.  The  crystallographic  texture  and  orientation  of  these  films  was 
analyzed  in  situ  by  reflection  high  energy  electron  diffraction  (RHEED),  and  ex  situ  by  x-ray 
diffraction  and  cross-sectional  transmission  electron  microscopy  (XTEM).  In  particular,  RHEED 
intensities  were  recorded  during  epitaxial  growth,  and  intensity  profiles  across  Bragg  rods  were  used 
to  calculate  the  surface  lattice  constant,  and  hence  the  film  strain.  XTEM  analysis  indicated  that  the 
epitaxial  films  had  atomically  abrupt  interfaces.  The  magnetic  properties  of  these  epitaxial  films 
were  measured  in  situ  using  magneto-optic  Kerr  effect  magnetometry.  Large  He  (10-20  Oe)  was 
observed  for  epitaxial  Ni8oFe2o  (100)  films  less  than  10.0  nm  thick  whereas  for  larger  thicknesses. 

He  decreased  to  a  few  Oe  with  the  appearance  of  a  uniaxial  anisotropy.  Correlations  were  made 
between  magnetic  properties  of  these  epitaxial  films  and  the  strain  in  the  film. 


INTRODUCTION 

Permalloy  (NigoFe2o)  heterostructures  are  of  great  inter¬ 
est  for  magnetoresistive  devices  based  on  anomalous  antifer¬ 
romagnetic  (AF)-coupling  and  giant  magnetoresistance 
(GMR)  in  Ni8oFe2o/Cu  multilayers'  and  spin-valves.^  To 
date,  all  investigations  of  such  Ni8oFe2o  heterostructures 
have  employed  polycrystalline  films  with  atomically  rough 
interfaces  where  the  interface  roughness  is  of  the  same  order 
as  the  nonmagnetic  spacer  layer  thickness.''^  Since  AF- 
coupling  and  GMR  depend  sensitively  on  NlgoFe2o/Cu  inter¬ 
face  structure  and  the  film  morphology,  the  magnetotransport 
properties  of  atomically  abrupt  epitaxial  films  should  more 
clearly  elucidate  the  underlying  physics.  With  atomically 
abrupt  film  interfaces,  it  would  be  possible  to  fabricate  thin¬ 
ner  nonmagnetic  spacer  layers  without  the  interface  rough¬ 
ness  being  the  limiting  factor.*  Furthermore,  the  growth  of 
epitaxial  single  layer  NigoFe2o  films  on  silicon  would  be  po¬ 
tentially  of  great  interest  for  studying  magnetotransport  and 
for  applications  to  magnetoresistive  devices  because  of  re¬ 
duced  interfacial  and  grain-boundary  scattering.^  Finally,  the 
growth  of  epitaxial  magnetic  films  and  the  effects  of  coher¬ 
ency  strain  on  magnetic  properties  especially  anisotropy  and 
magnetic  moment  have  been  the  object  of  many  previous 
investigations.'*  In  particular,  magnetic  properties  of  epitaxial 
Fe  and  Ni  thin  films  on  Cu(lOO)  have  been  studied  recently^’* 
whereas  strain  relaxation  in  epitaxial  Ni(lOO)  films  on 
Cu(lOO)  has  been  examined  in  the  past  by  Matthews  and 
Crawford.’  However,  unlike  Ni  and  Fe,  Ni8oFe2o  possesses 
very  little  magnetocrystalline  anisotropy  (~10^  ergs/cm^) 
and  the  primary  source  of  anisotropy  is  uniaxial  anisotropy 
induced  during  deposition. 

Epitaxial  Ni8oFe2o(100)  films  were  grown  on  relaxed 
Cu(l()0)  seed  layers,  10-50  nm  thick,  oriented  epitaxially 
with  respect  to  Si(lOO).  Because  of  the  relatively  small  lat¬ 
tice  mismatch  between  Ni8oFe2o  and  Cu  (1.85%),  the 
NisoFcao  layers  were  semicoherent  with  the  Cu  seed  layer. 
The  epitaxy  of  Cu(lOO)  at  room  temperature  on 
H-terminated  Si(lOO)  has  been  the  object  of  earlier  investi¬ 
gations  and  has  been  successfully  demonstrated  to  occur  in 


high-vacuum  and  UHV  conditions.*'***  The  crystallographic 
orientation  for  this  epitaxy  was  found  to  be  Cu(lOO)  || 
Si(lOO)  with  Cu[100]  1|  Si[110].*'*  Furthermore,  FeMn,  which 
is  typically  used  in  spin  valves  to  exchange  bias  one  of  the 
ferromagnetic  layers,^  has  an  epitaxial  relationship  with 
Ni8oFe2o.  Hence,  epitaxial  spin-valve  heterostructures  con¬ 
sisting  of  FeMn/Ni8oFe2o/Cu/Ni8oFe2o  were  grown  on  Cu/ 
Si(lOO).  The  magnetotransport  properties  of  these  hetero¬ 
structures  will  be  reported  elsewhere.*^ 

EXPERIMENTAL  PROCEDURES 

The  basic  elements  of  the  sputtering  system  used  for 
deposition,  x-ray  diffraction  analysis,  electron  microscopy, 
magneto-optic  Kerr  effect  (MOKE)  system  for  magnetic  in 
situ  characterization,  and  RHEED  measurements  to  deter¬ 
mine  the  surface  lattice  constant  and  the  strain  in  the  films, 
are  described  elsewhere.***’**  In  particular,  Ni8oFe2o  films 
were  deposited  in  the  presence  of  an  external  magnetic  field 
to  induce  a  uniaxial  anisotropy.** 

EPITAXIAL  STRAIN  AND  MAGNETIC  PROPERTIES 

For  growth  of  an  overlayer  B  on  substrate  A  and  for 
small  misfit  f  (^10%)  between  lattice  constants  for  A  and  B, 
the  lattice  of  B  may  expand  or  contract  to  form  a  coherent 
interface  with  that  of  A.  However,  formation  of  such  an  in¬ 
terface  is  associated  with  a  strain  energy  in  the  overlayer  B. 
For  large  enough  thicknesses,  it  becomes  energetically  more 
favorable  to  relieve  this  coherency  strain  energy  by  genera¬ 
tion  of  misfit  dislocations  at  the  interface.  The  critical  epi¬ 
taxial  thickness  he  for  which  this  transition  takes  place  is 
obtained  by  solving  the  transcendental  equation:*'* 

b  1-v  cos’  j8 
8  IT  f  cos  a  1  +  v 

where  b  is  the  misfit  dislocation  Burger’s  vector,  v  is  the 
Poisson’s  ratio,  and  a  are  the  angles  that  the  Burger’s 
vector  makes  with  the  dislocation  line  and  the  direction  nor¬ 
mal  to  the  dislocation  line  lying  within  the  plane  of  the  in- 
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terface,  respectively;  Substituting  the  lattice  constant  of 
NigoFe2o  for  b,  a=p-(Xf  which  is  often  the  case  for  fee 
crystals,  v  of  0.31  for  Ni  and  misfit  f  for  Ni8oFe2o/Cu,  he 
was  found  to  be  4.1  nm  from  solving  Eq.  (1).  With  the  onset 
of  misfit  dislocations  above  the  ciitical  thickness,  the  elastic 
strain  in  the  film  decreases  as  given  by:*'* 

\-v cos^ 

8  jrh  cos  a  \  +  v 


^  the  above  equation  indicates,  the  elastic  strain  falls  off 
approximately  inversely  with  thickness  h  of  the  film.  Thus, 
residual  strain  may  persist  in  the  film  for  thicknesses  much 
larger  than  the  critical  thickness  he . 

Among  the  effects  of  coherency  strain  on  magnetic  prop¬ 
erties,  it  has  been  well  known  that  a  perpendicular  anisotropy 
can  be  induced  in  ultrathin  films  due  to  interaction  with 
strain.*^  Furthermore,  coherency  strain  can  give  rise  to  a  bi¬ 
axial  in-plane  stress  which  can  couple  to  magnetic  anisot¬ 
ropy  via  magnetostriction  X,y  of  the  thin  film.  However,  it  is 
well  know  that  for  Ni-Fe  composition  of  81%  and  19%,  re¬ 
spectively,  the  magnetostriction  of  NiFe  thin  films  is  near 
zero  and  isotropic,  but  nevertheless,  still  sensitive  to  the  ex¬ 
act  composition  and  texture  of  the  film.'*’ 

Using  linear  elasticity  theory,  the  in-plane  stress  due  to 
coherency  strain  along  (100)  cubic  axes  in  a  coherent  thin 
film  can  be  expressed  in  terms  of  the  elastic  constants  c,^  and 
the  in-plane  strain  e| : 


(rp 


2cu 

(01J  +  C12)-— 
^11 


(3) 


Substituting  the  elastic  constants  for  Ni  and  the  misfit  f  for 
,  and  \  for  Ni|joFe2y  (lOO)-textured  films  obtained  from 
that  reported  by  Klokholm  and  Aboaf,'*  oji  was  calculated 
using  Eq.  (3)  and  substituted  in; 


E,ee=j  Ka  sin^  6 


(4) 


to  estimate  magnetoelastic  energy  E„e  of  ~i0*  ergs/cm^ 
where  6  is  the  angle  between  cr  and  the  magnetization  vector. 
This  can  be  compared  with  the  induced  uniaxial  anisotropy 
energy  £*  for  NigoFe2o  which  is  typically  ~10^-10‘* 
ergs/cm^.  The  fact  that  magnetoelastic  energy  associated 
with  coherency  strain  is  significantly  higher  than  uniaxial 
anisotropy  energy,  suggests  that  for  coherent  films  of 
NigoFe2o,  the  former  would  be  an  Important  factor  in  gov¬ 
erning  magnetic  anisotropy. 


RESULTS  AND  DISCUSSION 

Surface  lattice  constant  measurements  using  RHEED 
shown  in  Fig.  1,  were  employed  to  observe  the  relaxation  of 
the  coherency  strain  in  NigoFe2o  films  on  Cu/Si(100).  Due  to 
the  relatively  small  mismatch  between  Cu  and  NigoFe2o 
(1.85%)  and  the  limited  resolution  of  the  camera  used  for 
recording  RHEED  images,  it  was  difficult  to  accurately  cal¬ 
culate  \  •  strain  in  the  NigoFe2o  film  using  this  technique. 
Nevertheless,  it  can  be  observed  from  these  studies  that  the 
NigoFe2o  film  relaxes  to  its  bulk  lattice  constant  after  4.5  nm. 


FIG.  1.  Surface  lattice  constants  as  calculated  from  RHEED  measurements 
of  (too)  NigoFe2o  film  grown  on  Cu/Si(100)  as  a  function  of  film  thickness. 

No  change,  in  the  RHEED  intensity  profiles  was  observed 
during  epitaxial  growth  of  NigoFe2o  on  Cu  suggesting  a 
layer-by-layer  growth  mechanism. 

Figure  2  shows  an  x-ray  scan  for  0(=3O°  for  a 
NigoFe2o  (30  nm)/Cu(30  nm)/Si(100)  film  which  indicates 
that  the  (100)  texture  in  the  films  is  2-3  orders  of  magnitude 
stronger  than  other  fee  textures,  notably  (111).  Furthermore, 
the  lattice  constants  calculated  from  the  diffraction  spectrum 
confirm  that  the  Cu  and  the  NigoFe2o  films  are  strain- 
relieved;  i.e.,  have  the  bulk  lattice  constants. 

Figure  3  shows  a  high  resolution  cross-sectional  trans¬ 
mission  electron  micrograph  of  an  epitaxial  NigoFe2o(50 
nm)/Cu(50  nm)/Si(100)  film  along  [110]  Si  in  which  metal 
lattice  fringes  can  be  seen  extending  from  the  Cu/Si  interface 
to  NigoFe2o  film  surface.  The  inset  shows  the  selected  aisa 
diffraction  pattern  due  to  (100)  NigoFe2o/Cu  films  and  the  Si 
substrate.  The  Ni8oFe2o/Cu  interface  cannot  be  clearly  seen 
in  Fig.  3  due  to  lack  of  Z-contrast  between  NigoFe^o  and  Cu. 
However,  it  is  discernible  by  the  presence  of  Metre  fringes 
and  misfit  dislocations  indicating  a  semicoherent  interface 
between  Cu  and  NigoFe2o.  Furthermore,  a  mosiac  spread  of 


FIG.  2.  CoKa  x-ray  diffraction  spectrum  of  epita.YiaI  (100)  NigoFe^lSO 
nm)/  Cu(30  nm)/Si{100). 
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FIG.  3.  High  resolution  cross-sectional  transmission  electron  micrograph  of 
epitaxial  NiftoFejo/Cu/SillOO)  film  along  the  Si[110]  zone  axis.  The  inset 
shows  the  diffraction  pattern  due  to  the  film  and  the  Si  substrate. 


up  to  ±6  °  in  the  (100)  texture  can  be  observed  in  the  lattice 
fringes  as  well  as  the  diffraction  pattern  due  to  the  film.  The 
smooth  NigoFe2o  film  surface  and  the  atomically  abrupt 
Cu/Si  interface  suggest  that  the  r.m.s.  roughness  of  the  epi¬ 
taxial  Ni8oFe2o/Cu  interface  is  few  atomic  layers.  However, 
interdiffusion  of  Ni  or  Fe  into  Cu  or  vice-versa  cannot  be 
ruled  out. 

Magnetic  properties  of  the  epitaxial  NigoFe2o/Cu  films, 
2.0-20.0  nm  thick,  were  measured  using  MOKE  magnetom- 
etry.  No  MOKE  signal  could  be  detected  for  NigoFe2o  films 
less  than  2.0  nm  thick.  For  films  with  thicknesses  ^10.0  nm, 
a  biaxial  anisotropy  of  ~10  Oe  along  the  [100]  crystallo¬ 
graphic  0  .ections  of  NigoFe2o  was  observed  which  could  be 
due  to  interaction  with  coherency  strain  as  discussed  earlier 
and/or  magnetocrystalline  anisotropy  of  NigoFe2o-  The  coer- 
civity  for  these  films  was  10-20  Oe  which  is  rather  high  for 
NigoFe2o.  For  randc  oolycrystalline  films  deposited  under 
the  same  conditions  ^  Si02/Si,  it  was  1-2  Oe;  see  Fig.  4 
for  variation  of  //,,  with  film  thickness  for  NigoFe2o  films 
grown  on  Cu/Si  and  Si02/Si.  Thicker  epitaxial  NigoFe2o 
films  (2=  10.0  nm)  had  an  induced  uniaxial  anisotropy  due  to 
the  external  magnetic  field  applied  during  deposition.  Fur¬ 
thermore,  these  films  had  relatively  soft  magnetic  properties 
{]tice=2M  Oe,  //ca=0.22  Oe,  and  //*= 12.3  Oe)  which  were 
comparable  to  those  of  random  polycrystalline  NigoFe2o 
films.  This  indicates  that  these  films  are  relatively  strain-free 
and  devoid  of  defects  or  pinning  sites  for  domain  walls.  It  is 
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FIG.  4.  Variation  of  He  with  NigoFe2o  film  thickness  for  epitaxial  Aims  on 
Cu/Si  .and  polycrystalline  films  on  SiOj/Si. 

plausible  that  the  thinner  epitaxial  films  have  voids  or 
sources  of  localized  stresses  due  to  coherency  strain,  which 
cause  domain  wall  pinning  and  hence,  higher  .  Investiga¬ 
tions  are  currently  under  way  to  identify  the  nature  of  these 
defects  using  atomic  force  microscopy. 
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Magnetic  and  magnetoresistive  properties  of  inhomogeneous  magnetic 
dual-layer  fiims 
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Magnetic  and  magnetoresistive  properties  of  sputtered  Co  alloy  dual-layer  films  are  compared  with 
micromagnetic  simulations.  The  simulations  elucidate  the  details  of  the  switching  behavior  of  the 
dual-layer  films  as  a  function  of  the  interlayer  exchange  and  magnetostatic  interactions.  The 
simulations  have  led  to  a  conceptual  understanding  of  the  coercive  field  spliUing  caused  by  the 
interlayer  interactions.  A  calculation  of  the  anisotropic  magnetoresistance  (AMR)  has  been  included 
in  the  simulations.  The  AMR  provides  a  second  independent  macroscopic  quantity  (in  additio.i  to 
the  average  magnetization)  which  can  be  measured  and  compared  with  the  micromagnetic 
simulations.  The  AMR  is  more  sensitive  to  the  micromagnetic  structure  perpendicular  to  the  applied 
field  and  is  a  better  test  of  the  accuracy  of  the  micromagnetic  model.  The  simulations  qualitatively 
describe  the  measured  AMR  data  on  CoNi-Cr-CoNi  dual  layers. 


INTRODUCTION 

Magnetic  multilayer  thin  films  are  becoming  increas¬ 
ingly  important  in  the  development  of  high  coercivity  media' 
and  low  coercivity  magnetic  sensors.^  Magnetic  interactions 
within  and  between  the  layers  of  multilayer  magnetic  films 
play  an  important  role  in  determining  the  properties  of  these 
films.^  In  this  article  we  use  our  micromagnetic  model'*’^  to 
analyze  the  micromagnetics  of  coercive  field  splitting  (CFS) 
of  the  major  hysteresis  loops  and  introduce  magnetoresis¬ 
tance  calculations  as  a  tool  to  provide  further  verification  of 
the  micromagnetic  model.  The  results  of  the  model  simula¬ 
tions  are  compared  with  experimental  data  on  sputtered 
Coo,75Nio,25-Cr-Coo.75Nio,25  dual-layer  films. 

In  the  micromagnetic  model  each  magnetic  layer  is 
simulated  by  a  rectangular  array  of  discrete  parallelepiped 
elements  representing  the  grains  of  the  layers.  Each  grain  has 
a  fixed  magnitude  magnetic  moment  which  is  allowed  to 
dynamically  relax  (in  three  dimensions)  in  the  presence  of  an 
external  field,  an  effective  exchange  field,  an  effective  an¬ 
isotropy  field,  and  a  magnetostatic  field.  The  magnetic  layers 
are  characterized  by  distributions  of  exchange,  anisotropy, 
and  magnetostatic  parameters  among  the  grains.  The  distri¬ 
bution  of  interlayer  exchange  coupling  parameters,  intralayer 
exchange  coupling  parameters,  and  magnetostatic  interaction 
parameters  are  specified  relative  to  certain  mean  values 
denoted,  respectively,  by  (C'),  (Cj,  and  (C^/,).*  The  pa¬ 
rameters  that  are  assigned  to  the  grains  are  selected  at  ran¬ 
dom  from  an  interval  centered  about  the  mean  values.  Ferro¬ 
magnetic  interlayer  exchange  coupling  is  simulated  using 
positive  interlayer  exchange  parameters,  and  antiferromag¬ 
netic  interlayer  exchange  coupling  is  simulated  using  nega¬ 
tive  parameters. 

Tlie  films  discussed  in  this  paper  are  ones  with  moderate 
intragranular  exchange,  strong  uniaxial  anisotropy,  and 
strong  disorder.  The  disorder  in  these  films  (principally  the 
random  distribution  of  anisotropy  axes)  acts  to  reduce  the 
coercive  field  by  providing  nucleation  centers  for  the  mag¬ 
netization  reversal.  One  of  the  most  prominent  features  of 
dual-layer  magnetic  thin  films  of  this  type  is  a  splitting  in  the 
coercive  fields  as  the  two  layers  are  brought  together  and 


allowed  to  interact  through  magnetostatic  forces.  At  large 
separations,  two  statistically  identical  films  will  switch  at 
approximately  the  same  coercive  field.  As  the  films  are 
brought  closer,  one  film  will  switch  first,  as  seen  in  the  cal¬ 
culated  and  experimental  M~H  curves  shown  in  Figs.  1(a) 
and  1(c).  We  define  the  coercive  field  splitting  as  the  differ¬ 
ence  between  the  top  and  bottom  layer  switching  fields  as 
determined  by  the  distance  between  the  peaks  in  the  deriva¬ 
tives  in  the  M-H  curves.  The  mechanism  for  CFS  will  be 
described  in  the  next  section. 

The  anisotropic  magnetoresistance  (AMR)  can  be  simply 
modeled  by  assuming  that  each  element  has  a  change  in  re¬ 
sistance  determined  by  the  orientation  of  the  magnetic  mo¬ 
ment  relative  to  the  current.’  The  normalized  sheet  resistance 
of  the  sample  is 


R 


AMR" 


y, !  '2  i+^'-amr(«..;--/)^1 


-1 


where  /n,_y  is  a  unit  vector  along  the  magnetic  moment  of  the 
/,;th  element,  J  is  the  direction  of  the  current  density,  and 
5rAMR  is  the  normalized  size  of  the  anisotropic  magnetore¬ 
sistance.  The  inner  summation  sums  the  serial  resistances  in 
the  direction  of  the  current,  and  the  outer  summation  sums 
them,  reciprocally,  transverse  to  the  current.  This  formula 
does  not  include  the  effects  of  current  redistribution  and  is 
appropriate  only  for  systems,  such  as  those  discussed  in  this 
paper,  in  which  the  AMR  is  small.  The  average  magnetiza¬ 
tion  M  and  the  AMR  form  a  set  of  two  independent  macro¬ 
scopic  quantities  which  can  be  computed  from  the  micro- 
magnetic  model  and  compared  to  experimental  data. 
Examples  of  computed  and  measured  AMR  for  a  CoNi  dual¬ 
layer  film  are  shown  in  Figs.  1(b)  and  1(d).  The  AMR  is 
quadratic  in  M  and  measures  the  magnitude  of  the  projection 
of  M  along  the  current  direction.  In  particular  the  AMR  can 
probe  the  degree  of  magnetization  perpendicular  to  the  ap¬ 
plied  field  and  is  sensitive  to  the  details  of  the  magnetization 
reversal  such  as  the  formation  of  vortices. 
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FIG.  1.  (a)  Calculated  M-H  data  of  CoNi  dual-layer  film  with  an  8  nm  Cr 
separation  layer  showing  coercive  field  splitting  (CFS).  The  CFS  is  equal  to 
the  distance  between  the  peaks  of  the  derivative  of  the  magnetization  (dotted 
curve),  (b)  Calculated  AMR  with  H  parallel  to  J  for  the  same  film,  (c) 
Measured  M -H  data  for  CoNi  dual-layer  film  with  5  nm  Cr  separation  layer 
showing  CFS.  The  derivative  of  the  magnetization  is  shown  in  the  dotted 
.'urve.  (d)  Measured  AMR  with  H  parallel  to  J  for  the  same  film.  Note  that 
for  clarity  only  one  branch  of  the  hysteresis  loops  are  shown  except  for  (d) 
which  shows  the  full  loop. 
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FIG.  2.  Calculated  and  measured  coercive  force  splitting  as  a  function  of 
interlayer  separation  d.  The  dotted  curve  on  the  left  of  the  diagram  repre¬ 
sents  the  variation  of  C'  with  d. 


SIMUUTION  AND  EXPERIMENT 

Coo.75Nio25-Cr-Coo.75Nio,25  dual-layer  films  were 
sputter-deposited  onto  silicon  substrates.  The  magnetic  layers 
were  each  30-nm  thick,  and  the  Cr  layer  thickness  was  varied 
from  1  to  80  nm.  Details  of  the  film  preparation  and  the  film 
microstructure  are  described  in  Ref.  4.  The  magnetic  films 
are  simulated  by  assuming  a  random  distribution  of  the  mag¬ 
netic  anisotropy  axes  with  a  uniaxial  anisotropy  field  of 
Hii=193  kA/m  (2420  Oe)  and  a  median  grain  size  of  22  nm. 
In  Ref.  4,  an  array  of  20X  20  closely  packed  elements  was 
used  in  simulating  each  magnetic  layer  of  the  sample.  We 
have  repeated  the  calculations  using  an  array  size  of  50X50 
elements.  Periodic  boundary  conditions  are  used  in  the  cal¬ 
culations  to  simulate  the  large  experimental  samples  which 
have  dimensions  of  6X12  mm.  The  interlayer  exchange  cou¬ 
pling  is  a  short-range  interaction  and  drops  off  rapidly  with 
increasing  Cr  spacing-layer  thickness.  We  adopt  a  positive 
exchange  constant  (ferromagnetic  coupling)  with  an  expo¬ 
nentially  decreasing  form  (C')  =  0.43  exp(  -  2.0d),  where 
d  is  the  Cr  spacing-layer  thickness  in  nanometers.  The  de¬ 
pendence  of  the  exchange  coupling  constant  on  spacer-layer 
thickness  is  shown  in  Fig.  2  (dotted  curve).  The  same  value 
of  C'  equal  to  the  mean  value  was  assigned  to  all  the  grains. 

The  simulations  show  that  the  magnetization  reversal 
modes  of  the  CoNi  films  are  characterized  by  the  formation 
and  propagation  of  vortices  in  the  magnetic  layers.  The  vor¬ 
tices  in  the  two  layers  form  at  different  locations  and  differ¬ 
ent  points  in  the  hysteresis  loops  because  of  differences  in 
their  detailed  microstructure.  The  centers  of  the  vortices  act 
as  nucleation  sites  for  local  magnetization  reversals,  allow¬ 
ing  the  magnetization  reversal  to  proceed  along  a  low-energy 
path.  The  number  of  vortices  in  each  layer  initially  grows 
with  increasing  externally  applied  field  with  little  displace¬ 
ment  from  their  original  locations.  Beyond  a  certain  critical 
field,  the  vortices  become  extremely  mobile  .and  quickly  self- 
annihilate,  leading  to  complete  reversal  of  the  magnetization. 

As  the  magnetic  films  are  brought  together  they  interact 
predominantly  magnetostatically:  free  charges  on  one  film 
attract  opposite  charges  on  the  other  film.  The  coercive  fields 
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FIG.  3.  Calculated  AMR  as  a  function  of  H  for  interlayer  separations  of  1, 
3,  and  8  nm  (H  is  parallel  to  J). 

Split  as  shown  in  Figs.  1(a)  and  1(c).  The  calculated  and 
experimental  dependence  of  CFS  on  the  separation  d  be¬ 
tween  the  »nagnetic  layers  is  shown  in  Fig.  2.  Agreement  is 
seen  in  th  rends  of  the  calculated  and  experimental  curves 
although  lagnitudes  of  the  CFS  differ.  The  magnitude  of  the 
CFS  increases  as  the  layers  are  brought  together  and  the 
magnetostatic  interaction  increases.  When  the  layers  are  suf¬ 
ficiently  close  that  the  exchange  coupling  dominates,  the  lay¬ 
ers’  moments  are  locked  together  and  the  CFS  rapidly  disap¬ 
pears. 

The  simulated  AMR  with  H  parallel  to  J  is  shown  in  Fig. 
3  for  different  separations.  The  size  of  the  AMR  is  directly 
related  to  the  amount  of  magnetization  perpendicular  to  the 
applied  held.  For  smaller  spacings,  when  the  exchange  inter¬ 
action  becomes  important,  the  size  of  the  AMR  decreases 
because  the  layer  that  switches  first,  forces  the  other  layer  to 
have  better  registry  and  not  have  its  moments  lie  outside  the 
field  direction. 

DISCUSSION 

The  origin  of  the  CFS  can  be  understood  by  noting  that 
the  interlayer  magnetostatic  energy  is  a  minimum  in  the  dis¬ 
ordered  state  when  one  of  the  layers  has  just  switched  and 
the  other  layer  is  about  to  switch.  In  this  state,  the  disordered 
distribution  of  charges  on  one  layer  effectively  compensate 
the  disordered  distribution  of  charges  on  the  other  layer.  This 
magnetostatic  energy  minimum  leads  to  the  observed  CFS, 
which  consists  of  an  extended  stable  region  in  which  only 
one  film  has  switched.  An  alternative  approach  to  under¬ 


standing  the  CFS  is  to  realize  that,  as  the  layers  begin  to 
interact,  they  necessarily  ffiistrate  the  other  layer’s  ability  to 
switch.  When  one  layer  begins  to  form  a  vortex  in  an  ener¬ 
getically  favorable  location,  it  will  cause,  through  the  mag¬ 
netostatic  interaction,  the  other  layer  to  reconfigure  and  not 
allow  it  to  proceed  along  its  lowest  energy  path.  Therefore, 
when  one  layer  switches  it  forces  the  other  layer  to  proceed 
along  another  higher-energy  path  which  requires  a  higher 
coercive  field  to  switch  the  layer. 

The  coercive  field  splitting  in  the  micromagnetic  simu¬ 
lations  is  clearly  magnetostatic  in  origin.  The  similarity  of 
the  hysteresis  loops,  AMR,  and  the  dependence  of  the  CFS 
on  the  separation  layer  thickness  strongly  suggests  that  the 
CFS  seen  in  the  experimental  samples  is  also  magnetostatic 
in  origin.  However,  the  interlayer  exchange  has  not  been 
measured  in  these  samples,  and  a  longer-range  exchange  in¬ 
teraction  or  an  antiferromagnetic  exchange  interaction  might 
be  responsible  for  the  observed  behavior  in  the  sputtered 
films.  The  observed  splitting  in  the  coercive  fields  can  sug¬ 
gest  that  there  is  some  stabilization  of  the  antiferromagneti- 
cally  aligned  state  and  that  there  is  antiferromagnetic  ex¬ 
change  coupling  between  the  layers.  Often  features  similar  to 
those  seen  in  Fig.  1  have  been  interpreted  as  evidence  of  an 
antiferromagnetic  exchange  interaction.  The  results  of  this 
paper  indicate  that  in  many  types  of  bilayer  films  these  fea¬ 
tures  can  be  of  magnetostatic  origin. 

Further  work  needs  to  be  done  to  quantify  the  output  of 
the  simulations  (determining  the  correct  energies  and  corre¬ 
lation  functions  to  calculate)  to  obtain  a  better  conceptual 
understanding  of  the  effects  of  interactions  in  dual-layer 
magnetic  thin  films.  The  addition  of  AMR  greatly  improves 
our  ability  to  test  the  accuracy  of  the  simulations.  While  in 
the  present  work  there  is  a  size  mismatch  between  the  simu¬ 
lated  sample  (1  /im)  and  the  measured  sample  (6  mm),  this 
can  be  remedied  in  the  future  by  fabricating  and  measuring 
micrometer-size  samples.  In  this  case  there  will  be  additional 
magnetostatic  effects  when  the  periodic  boundary  conditions 
are  removed.  The  details  of  the  reversal  process  in  the  range 
where  the  exchange  and  magnetostatic  interactions  are  of 
comparable  importance  are  still  not  clear,  and  a  closer  look  at 
the  micromagnetics  in  this  range  may  be  rewarding. 


'  S.  E.  Lamberl,  J.  K.  Howard,  and  I.  L.  Sanders,  IEEE  Trans.  Magn.  MAG- 
25,  2706  (1990). 

^R.  L.  White,  IEEE  Trans.  Magn.  MAG-28,  2482  (1992). 

^J.-G  Zhu,  IEEE  Trans.  Magn.  MAG-28,  3267  (1992). 

*J.  0.  Oti  and  S.  E.  Russek,  J.  Appl.  Phys.  73,  5845  (1993). 

’J.  O.  Oti,  IEEE  Trans.  Magn.  MAG-29,  1265  (1993). 

^Strictly  speaking,  six  mean  parameters  are  necessary  to  fully  characterize 
a  dual-layer  film  when  the  magnetic  properties  of  the  layers  are  different. 
When  the  properties  of  the  layers  are  the  same,  the  number  of  parameters 
reduces  to  three. 
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The  enormous  magnetoresistance  effect  at  low  temperatures  in  various  uranium-based  intermetallic 
compounds,  which  exceeds  by  far  the  effect  found  in  magnetic-multilayer  systems,  is  a  consequence 
of  the  strong  5/  conduction  electron  hybridization.  The  consequences  of  spin-dependent  scattering 
for  the  giant  magnetoresistance  (GMR)  effect  in  uranium  intermetallics  will  be  discussed  and 
compared  with  the  behavior  in  multilayer  systems.  Possible  changes  of  the  model  parameters  to 
achieve  giant  magnetoresistance  (GMR)  effects  at  higher  temperatures,  which  are  desirable  for 
practical  applications,  are  considered. 


I.  INTRODUCTION  AND  MOTIVATION 

The  occurrence  of  a  large  reduction  of  the  electrical  re¬ 
sistance  upon  application  of  a  magnetic  field  in  some 
magnetic-multilayer  systems  has  attracted  much  attention  in 
view  of  the  possible  applications  (e.g.,  magnetic  field  sensor 
devices).  As  this  reduction  is  much  larger  than  the  usual 
magnetoresistance  effect  in  nonmagnetic  and  magnetic  met¬ 
als,  one  usually  speaks  about  “giant  magnetoresistance” 
(GMR)  in  this  context.  The  GMR  effect  was  originally  dis¬ 
covered  in  Fe/Cr  multilayers.*  Since  then,  several  other  mag¬ 
netic  multilayer  systems  exhibiting  the  GMR  effect  have 
been  found,  which  may  be  as  large  as  Ap/p=(p^f-pf)/ 
Pp=65%  at  room  temperature  and  may  exceed  110%  at  low 
temperatures  (e.g.,  in  Co/Cu  multilayers^).  The  strong  depen¬ 
dency  on  the  layer  thickness  and  interface  mixing  (rough¬ 
ness,  etc.)  reported  (for  a  review  see  Ref.  3)  request  several 
special  preparative  conditions  for  multilayer  “growth”  like 
ultrahigh  vacuum,  good  layer  thickness  control,  etc.  This  is  a 
serious  drawback  with  respect  to  possible  applications,  be¬ 
cause  at  present  such  conditions  can  be  achieved  only  in 
rather  specialized  laboratories,  so  that  applications  seem  to 
be  far  from  practice. 

On  the  other  hand,  there  exists  a  second  class  of  materi¬ 
als  exhibiting  the  GMR  effect,  which  was  hardly  noticed  by 
research  groups  actually  dealing  with  the  GMR  in  multilay¬ 
ers.  Recently,  we  have  reported  on  the  GMR  in  various 
uranium-based  compounds,  which  crystallize  in  layered-like 
structures.'*"’  By  driving  these  compounds  through  a  meta- 
magnetic  transition  towards  an  induced  ferromagnetic  align¬ 
ment,  a  drastic  reduction  of  the  electrical  resistivity  is  found, 
which  exceeds  that  of  multilayer  systems  by  far  and  is  as 
large  as  Ap/p=650%  at  4.2  K  in  the  case  of  UNiGa.'*’®  Al¬ 
though  the  GMR  in  the  uranium  compounds  studied  up  to 
now  is  only  present  at  low  temperatures  and  (in  most  cases) 
relatively  high  magnetic  fields,  a  deeper  understanding  of  the 
mechanism  responsible  of  the  GMR  effects  in  these  materials 
could  yield  a  considerable  impetus  in  materials  research. 


In  this  contribution,  we  review  the  magnetoresistance 
effects  observed  in  different  UTX  compounds  (T= transition 
metal  and  X=p  electron  metal),  which  have  been  studied 
extensively  on  single  crystals.  The  GMR  effect  found  in 
UNiGa,^'*  UNiAl,®-®  UPdln,^'®  and  UNiGe’-®  will  be  com¬ 
pared  with  the  effect  in  multilayer  systems.  The  mechanism 
responsible  for  GMR  in  both  types  of  systems  and  their  main 
differences  will  be  discussed. 

II.  EXPERIMENTAL  RESULTS 

Within  an  extensive  research  program  on  UTX  com¬ 
pounds,  we  have  studied  the  compounds  crystallizing  in  the 
hexagonal  ZrNlAl  structure  in  most  detail.  The  structure  is 
built  up  by  alternating  U-T  and  T-X  basal  plane  layers.  For 
the  compounds  crystallizing  in  this  stmcture,  we  find  the 
uranium  magnetic  moments  coupled  ferromagnetically 
within  the  U-T  planes,  while  the  weaker  interplane  coupling 
is  ferro-  or  antiferromagnetic  leading  to  ordering  with  mag¬ 
netic  moments  pointing  in  the  c  direction.  In  magnetic  mul¬ 
tilayers  as  well,  ferromagnetically  ordered  layers  are  found, 
but  in  contrast  to  the  uranium  compounds  here  the  magnetic 
moments  are  confined  to  the  plane. 

A  typical  example  of  uranium  compounds  is  UNiGa, 
which  orders  antifenomagnetically  at  40  K.  Its  antiferromag¬ 
netic  ground  state  is  characterized  by  a  sequence  of  (+  +  - 
-  +  -)  orientations  of  equal  magnetic  moments.  At  low  tem¬ 
peratures,  UNiGa  aligns  ferromagnetically  upon  application 
of  a  magnetic  field  of  about  1  T  along  the  c  axis.  In  the 
configuration  /||B||c  axis,  the  metamagnetic  transition  toward 
the  induced  ferromagnetic  alignment  is  accompanied  by  a 
drastic  decrease  of  the  resistivity,  which  exceeds  120  piSl  cm 
at  4.2  K  (Fig.  1).  This  means  a  change  of  the  resistivity  Ap/p 
equal  to  650%.  The  effect  in  the  perpendicular  configuration 
ilB||c  axis  Ap/p  is  smaller,  but  it  still  amounts  to  200%.  In 
both  configurations,  we  observe  a  considerable  hysteresis  of 
about  0.25  T  at  4.2  K  (above  10  K  there  is  no  hysteresis 
observed),  which  reflects  the  hysteresis  seen  in  the  magneti¬ 
zation  curves.  No  metamagnetic  transition  is  observed  for  the 
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FIG.  1.  Field  dependence  of  the  electrical  lesistivity  of  UNiGa  at  4.2  K  in 
the  configuration  i||fi||c  axis  and  (lB||c  axis.-  The  open  symbols  represent 
the  result  obtained  with  increasing  field,  white  the  full  symbols  represent  the 
one  obtained  with  decreasing  field.  The  lines  are  guides  to  the  eye. 


flic  axis.  As  a  consequence,  there  is  also  no  comparable 
field  effect  in  the  electrical  resistivity. 

Another  antiferromagnet  with  the  ZrNiAl  structure  is 
UNiAl  (Fig.  2),  which  orders  antiferromagnetically  at  18  K. 
At  4.2  K,  the  fenomagnetic  alignment  in  this  compound  is 
achieved  in  fields  above  11  T.  Again,  we  find  the  metamag- 
netic  transition  to  be  accompanied  by  a  drastic  reduction  of 
the  electrical  resistivity  for  fields  applied  along  the  c  axis 
(Ap/p=425%  for  the  /||fl||c  axis  and  Ap/p=330%  for  the 
/lfl||c  axis).  In  UNiAl,  the  slow  saturation  tendency  in  the 
ferromagnetically  aligned  phase  may  originate  from  spin 
fluctuations  present  in  this  compound.  In  contrast  to  the  pre¬ 
vious  compound,  we  do  not  observe  any  hysteresis. 

Giant  magnetoresistance  effects  in  uranium  intermetal- 
lics  are  not  limited  to  pure  antiferromagnets,  which  is  illus¬ 
trated  by  UPdIn,  where  an  uncompensated  antiferromagnetic 
structure  with  the  stacking  sequence  (+  +  -  +  -)  is  found 


FIG.  3.  Field  dependence  of  the  electrical  resistivity  of  UPdln  at  4.2  K  in 
the  configuration  i||£||c  axis.  The  open  symbols  represent  the  data  points 
measured  in  fields,  which  were  kept  constant  for  at  least  150  ms.  Full  sym¬ 
bols  represent  the  measurement  obtained  after  a  preceding  20-T  pulse  (de¬ 
creasing  field).  The  lines  are  guides  to  the  eye. 


below  8.5  K.  At  4.2  K,  the  application  of  a  magnetic  field 
(fl||c  axis)  yields  a  transformation  of  the  magnetic  structure 
of  UPdln  to  a  structure  with  a  stacking  sequence  (+  +  -)  in 
a  field  of  about  3  T,  which  displays  a  hysteresis  of  about  1  T. 
The  full  ferromagnetic  alignment  is  achieved  above  17  T. 
Again,  we  find  both  metamagnetic  transitions  to  be  accom¬ 
panied  by  a  reduction  of  the  electrical  resistivity  (Fig.  3).  The 
total  effect  Ap/p  amounts  to  350%. 

The  example  of  the  antiferromagnet  UNiGe,  which  crys¬ 
tallizes  in  the  orthorhombic  TiNiSi  structure,  shows  that 
GMR  effects  are  not  restricted  to  a  ZrNiAl  structure-type  of 
compounds.  At  4.2  K,  the  destruction  of  the  antiferromag¬ 
netic  structure  of  UNiGe  is  reflected  by  two  metamagnetic 
transitions  at  3  and  9  T  for  the  fl||c  axis  (Fig.  4).  For  this 
compound,  the  total  effect  Ap/p  is  equal  to  290%.  However, 
in  contrast  to  the  previous  example  an  increased  electrical 
resistivity  is  found  for  the  intermediate  phase  between  3  and 
9T. 

III.  DISCUSSION  AND  CONCLUSIONS 

In  the  ZrNiAl-type  of  compounds,  the  closer  U-U  dis¬ 
tance  and  the  stronger  5/-d  hybridization  within  the  U-T 
layers  lead  to  a  much  stronger  magnetic  coupling  of  the  ura- 
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FIG  2.  Field  dependence  of  the  electrical  resistivity  of  UNiAl  at  4.2  K  in 
the  configuration  ('{|£{|c  axis  and  il£||c  axis.  The  symbols  represent  the 
data  points  measured  in  fields,  which  were  kept  constant  for  at  least  ISO  ms. 
The  lines  are  guides  to  the  eye. 


FIG.  4.  Field  dependence  of  the  electrical  resistivity  of  UNiGe  at  4.2  K  in 
the  configuration  t'||£||c  axis.  The  symbols  represent  the  results  obtained 
with  increasing  (open  triangles)  and  decreasing  nelds  Ifull  triangles),  which 
were  kept  constant  for  at  least  100  ms.  The  lines  are  guides  to  the  eye. 
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nium  magnetic  moments  within  the  basal  plane  than  along 
the  c  axis.  For  these  compounds,'  the  hybridization-induced 
exchange  yields  a  strong  ferromagnetic  coupling  within  the 
plane,  while  the  coupling  along  the  c  axis  is  much  weaker. 
For  TiNiSi-type  of  compounds,  a  similar  situation  is  found, 
in  this  case  with  strong  coupling  along  the  a  axis.  In  mag¬ 
netic  multilayers,  one  also  finds  strong  ferromagnetic  intra¬ 
layer  coupling  and  “weak”  interlayer  coupling,  although  in 
these  systems  the  direction  of  the  moments  is  confined 
within  the  layers.  On  the  other  hand,  similar  to  the  situation 
in  magnetic  multilayers,  in  the  uranium  antiferromagnets  the 
weak  antiferromagnetic  coupling  can  be  overcome  by  rela¬ 
tively  low  external  magnetic  fields,  which  is  a  necessary  pre¬ 
requisite  of  the  GMR  effect.  The  occurrence  of  GMR  effects 
in  multilayer  systems  is  usually  ascribed  to  spin-dependent 
scattering  (for  a  review  see  Ref.  9).  This  raises  the  question, 
whether  the  GMR  effect  in  uranium  intermetallic^  also  may 
be  explained  by  this  mechanism.  In  an  antiferromagnetically 
ordered  compound,  spin-dependent  scattering  is  thought  to 
occur  at  defects.  In  particular,  magnetic  atoms  occupying 
sites  in  the  nonmagnetic  layers  may  be  effective  scatterers 
(this  is  the  analog  of  surface  roughness  in  multilayer  struc¬ 
tures).  However,  in  view  of  the  expected  number  of  such 
atoms  and  the  estimated  value  of  spin-disorder  scattering  per 
atom  make  this  an  unlikely  mechanism  to  account  for  the 
observed  effects.  Therefore,  the  origin  of  such  a  spin- 
dependent  scattering  term  in  the  electrical  resistivity  remains 
unclear.  A  possible  mechanism  would  be  electron-electron 
interactions.  In  order  to  understand  why  the  GMR  effect  is 
larger  in  uranium  compounds  than  in  the  multilayers,  we 
have  to  consider  the  differences  of  both  systems  in  this  con¬ 
text.  The  most  obvious  difference  is  the  “layer”  thickness 
and  quality  (determined  by  the  crystal  structure).  In  contrast 
to  multilayers,  in  uranium  intermetallics  We  are  dealing  with 
a  perfect  sequence  of  monolayers.  Therefore,  we  cannot  in¬ 
voke  the  picture  of  subband  conductivities,  where  crossing 
an  interface  is  said  to  lead  to  a  switching  between  majority 
and  minority  bands,  resulting  in  resistance.  Instead,  the  in¬ 
fluence  of  the  antiferromagnetic  order  on  the  band  structure 
has  to  be  considered. 

In  this  picture,  the  electrical  resistivity  in  the  antiferro¬ 
magnetic  state  in  the  uranium  intermetallics  is  determined  by 
a  tenn  involving  impurity  scattering  and  by  the  presence  of 
new  Brillouin  zone  boundaries,  which  eliminate  parts  of  the 
Fermi  surface.  In  the  fenomagnetically  aligned  state,  the 
electrical  resistivity  of  the  uranium  compounds  is  thought  to 
be  mainly  determined  by  the  impurity  term,  which  might  be 
reduced  with  respect  to  its  value  in  the  antiferromagnetic 
state,  due  to  the  alignment  of  impurity  spins.  An  analogous 
reduction  must  occur  in  multilayers,  so  that  this  cannot  ex¬ 
plain  the  large  GMR  effect  in  uranium  compounds.  A  drastic 
change  in  the  topology  of  the  Fermi  surface,  in  the  effective 
number  of  carriers  and  in  the  Fermi  velocities  would  be  nec¬ 
essary  to  account  for  the  spectacular  effects  observed.  If  this 
explanation  is  correct,  one  may  doubt  whether  the  large 
GMR  effects  discussed  above  can  ever  be  achieved  in 
multilayer  systems. 


With  respect  to  possible  applications,  the  compounds 
discussed  in  this  contribution  incur  some  problems.  Quite 
apart  from  the  problem  of  introducing  uranium  in  the  house¬ 
hold  or  office  environment,  these  compounds  have  low  or¬ 
dering  temperatures  and  (in  some  cases)  high  magnetic  fields 
are  necessary  to  obtain  ferromagnetic  alignment.  However,  it 
may  be  expected  that  upon  substitution  and  variation  of  the 
composition  these  parameters  can  be  modified  easily.  A  sec¬ 
ond  difficulty  may  be  that  the  production  of  good-quality 
single  crystals  is  sometimes  even  more  difficult  than  the  pro¬ 
duction  of  multilayers.  However,  to  obtain  the  GMR  effect 
there  is  no  need  for  single  crystals,  which  is  indicated  al¬ 
ready  by  the  large  reduction  of  the  electrical  resistivity  for 
current  both  parallel  and  perpendicular  to  the  magnetic  field. 
Palstra  et  al}^  have  indeed  reported  a  reduction  of  the  elec¬ 
trical  resistivity  of  UNiGa  polycrystal  by  60%,  which  means 
Ap/p=150%.  Furthermore,  it  should  be  noted  that  neither 
uranium  nor  a  layered-like  structure  appear  to  be  really  nec¬ 
essary  ingredients  for  the  occurrence  of  GMR  effects,  which 
was  demonstrated  by  Schinkel  et  al.  on  FeRh  alloys,  where 
the  electrical  resistivity  drops  from  22  to  2  pXicm  upon 
application  of  a  magnetic  field.*' 

In  conclusion,  the  occurrence  of  GMR  effect  in  uranium 
compounds  emphasizes  that  there  exist  alternatives  for  appli¬ 
cation  with  respect  to  magnetic  multilayers.  At  this  stage,  we 
try  to  get  a  deeper  insight  in  the  mechanism  responsible  for 
GMR  effects  in  uranium  systems,  which  could  guide  the 
search  for  compounds  suitable  for  applications. 
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Multilayers  composed  of  30  [Ni-Fe/Cu]  bilayers  deposited  on  a  50-A-thick  Fe  buffer  layer  were 
prepared  by  ion  beam  sputtering.  The  magnetoresistance  (MR)  ratio  Ap/po  of  the  multilayers  took 
high'value  at  the  Cu  layer  thickness  ^  of  10,  20,  and  32  A  for  the  multilayers  with  Ni-Fe  layer 
thickness  4ji-Fe  of  10  A.  It  was  observed  that  (100)  orientation  of  Ni-Fe  and  Cu  crystallites  were 
enhanced  at  ^Cu  of  20  and  32  A.  The  multilayered  film  with  ^  of  10  A  exhibited  Ap/pg  as  high  as 
12%.  The  multilayered  film  possessed  good  soft  magnetic  properties,  and  exhibited  coercivity  Hg. 
and  relative  permeabfiity  fi,  of  about  4  Oe  and  800,  respectively.  The  saturation  magnetic  field 
was  about  300  Oe.  Ap/po,  He ,  and  at  of  20  A,  i.e.,  at  the  “second  peak,”  were  6%,  10  Oe, 
and  25  Oe,  respectively.  The  ^  dependence  of  Ap/po  seemed  to  be  correspondent  to  that  of  the 
preferential  orientation  of  the  (100)  plane.  Ni-Fe/Cu  multilayers  with  the  same  construction  but 
without  an  Fe  buffer  layer  did  not  reveal  apparent  (100)  preferential  orientation  and  did  not  exhibit 
Ap/po  as  high  as  detectable.  Then,  Ap/po  was  strongly  dependent  not  only  on  interlayer  thickness, 
such  as  but  also  (100)  crystallite  orientation. 


I.  INTRODUCTION 

Giant  magnetoresistance  (GMR)  effect  has  been  success¬ 
fully  investigated  for  several  multilayers  such  as  Fe/Cr,* 
Co/Cu,^'^  and  Ni-Fe/Cu.'*"*  However,  these  GMR  multilay¬ 
ers  have  exhibited  high  coercivity  Hg  above  several  hun¬ 
dreds  Oe  and  saturation  magnetic  field  above  1  kOe. 
They  should  exhibit  He  and  H^  as  low  as  possible  in  order  to 
apply  them  to  MR  heads  and  magnetic  field  sensors.  Ni- 
Fe/Cu  multilayers  seemed  to  be  applicable  for  these  devices 
because  of  their  soft  magnetism  with  GMR  effect.  If  the 
GMR  multilayers  possess  soft  magnetic  properties  applicable 
for  the  inductive  recording  heads,  it  seems  to  be  very  conve¬ 
nient  to  construct  high  efficient  heads.  Then,  it  is  required  to 
prepare  GMR  films  with  .soft  magnetic  properties.  TTiere  are 
several  studies  regarding  low  H^  in  GMR  multilayers.’’®  In 
this  study,  the  multilayers  composed  of  Ni-Fe  and  Cu  layers 
were  prepared  by  an  ion  beam  sputtering  apparatus  which 
can  deposit  the  Ni-Fe  layer  with  low  coercivity  He  and  satu¬ 
ration  magnetic  field  H^  and  the  Cu  layer  without  defects  on 
plasma-free  substrate  at  low  gas  pressure. 


II.  EXPERIMENTAL  PROCEDURE 

Specimen  multilayers  were  deposited  on  Si(lOO)  wafer 
substrates  by  sputtering  NigjFejg  alloy  and  Cu  metal  targets 
alternately  by  the  ions  extracted  from  a  Kaufman-type  of  ion 
source.  Ar  gas  pressure  and  acceleration  of  the  ions  for  sput¬ 
tering  were  set  at  0.1  mTorr  and  500  V,  respectively.  50-A- 
thick  Fe  buffer  layers  were  predeposited  on  the  substrates 
before  preparation  of  the  multilayers.  Deposition  rates  of 
Ni-Fe  and  Cu  layers  were  14  and  23.5  A/min,  respectively. 
Multilayers  were  composed  of  30  [Ni-Fe/Cu]  bilayers.  Crys¬ 
tallographic  structure  was  analyzed  by  x-ray  diffractometry 
(XRD).  Magnetic  characteristics,  such  as  He  and  the  satura¬ 
tion  magnetization  were  evaluated  by  a  vibrating-sample 
magnetometer  (VSM).  The  relative  permeability  fi,  were 


measured  at  4  MHz  by  the  shunt  core  method.  The  MR  of 
the  multilayers  was  measured  by  the  four  probe  method  at 
room  temperature. 

III.  RESULTS  AND  DISCUSSION 

It  is  well  known  that  the  GMR  effect  is  sensitive  to  the 
thickness  of  the  interlayer  between  ferromagnetic  layers. 
Then,  multilayered  films  were  constructed  with  30  bilayers 
composed  of  Ni-Fe  layers  with  thickness  ^ji-Fe  of  10  A  and 
Cu  layers  with  thickness  of  ^  in  the  range  of  5-34  A. 
Figure  1  shows  the  variation  of  XRD  patterns  of  multilay¬ 
ered  films  with  various  •  These  patterns  implied  that  the 
preferential  orientation  of  crystallites  in  Ni-Fe  and  Cu  layers 
were  so  sensitive  to  ^  for  of  10  A.  It  seemed  that  the 
(100)  orientation  of  Ni-Fe  and  Cu  crystallites  were  en¬ 
hanced  at  ^  of  20  and  32  A.  The  enhancement  of  the  (100) 
preferential  orientation  seemed  to  follow  certain  periodicity. 
Figure  2  shows  the  <5^  dependence  of  the  ratio  of  the  (200) 
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FIG.  1.  Variation  of  XRD  patterns  of  multilayered  films  for  films  with 
various  ^ . 
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Cu  Thickness  (A) 

FIG.  2.  dependence  of  the  ratio  of  (200)  diffraction  intensity 
^(20o)/[Aiii)'*'Aoo2)1- 

diffraction  intensity  /(200)  to  the  total  of  diffraction  intensities 
of  [f(ni)+f(oo2)]'  It  was  clearly  found  that  the  enhancement 
of  (100)  orientation  occurred  at  ^  of  20  and  32  A. 

Figure  3  shows  the  ^  dependences  of  the  MR  ratio 
Ap/po  and  the  coercivity  .  Ap/po  took  a  high  value  at  ^Cu 
of  10, 20,  and  32  A.  Such  a  high  Ap/po  seemed  to  be  attained 
in  the  film  with  (100)  orientation  in  crystallites  as  shown  in 
Fig.  2.  Ap/po  at  S^u  of  10  A,  i.e.,  at  first  peak,  was  12%. 
as  low  as  about  4  Oe  at  of  10  A.  The  Ap/po  saturation 
magnetic  field  was  about  300  Oe.  It  had  been  confirmed 
that  these  multilayers  exhibited  almost  the  same  Ap/po  and 
quite  low  compared  with  other  multilayers.  The 
pendence  of  Ap/po  seemed  to  be  correspondent  to  that  of 
preferential  orientation  of  the  (100)  plane  as  mentioned 
above.  On  the  other  hand,  Ap/po,  He ,  and  at  Sq^  of  20  A, 
i.e.  “at  second  peak,”  were  6%,  10  Oe,  and  25  Oe,  respec¬ 
tively.  The  films  with  ^  larger  than  20  A  possessed  re¬ 
vealed  slightly  semihard  magnetism.  Figure  4  shows  the  ^ 
dependence  of  the  relative  permeability  of  the  multilay¬ 
ers.  The.  films  with  lower  than  20  A  seemed  to  exhibit 
relatively  high  .  It  should  be  very  attractive  that  the  film 
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FIG.  3.  ^  dependences  of  the  MR  ratio  Ap/pp  and  coercivity  if, . 
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FIG.  4.  dependence  of  ju,  multilayers. 

with  of  10  A,  i.e.,  at  first  peak,  exhibited  fi^  as  suffi¬ 
ciently  high  as  about  800.  Figure  5  shows  the  typical  M -H 
hysteresis  loops  of  the  film  at  first  peak,  namely  with  Sqj  ^nd 
44i-Fe  of  10  and  10  A,  respectively.  Although  a  little  mag¬ 
netic  anisotropy  was  detectable,  the  coercivities  were  low 
enough  in  any  direction.  It  was  confirmed  that  the  multilay¬ 
ers  at  first  peak  exhibited  not  only  high  Ap/po,  but  also  good 
soft  magnetism  applicable  for  magnetic  recording  heads. 

On  the  other  hand,  the  Ni-Fe/(2u  multilayers  with  the 
same  construction  but  without  an  Fe  buffer  layer  did  not 
reveal  apparent  (100)  preferential  orientation  and  did  not  ex¬ 
hibit  sufficiently  high  Ap/po.  Then  Ap/po  seemed  to  be 
strongly  dependent  not  only  on  interlayer  thickness,  such  as 
Sc„y  but  also  on  (100)  orientation  of  both  crystallites.  In 
other  words,  the  Fe  buffer  layer  had  played  an  important  role 
for  promotion  of  (100)  orientation  and  enhancement  of  GMR 
effect  in  the  multilayers.  Figure  6  shows  the  XRD  patterns 
for  two  types  of  films.  One  is  a  thick  Ni-Fe  single  layer  with 
4ii-Fe  of  1000  ^  3nd  the  other  is  a  double  layer  composed  of 
a  thick  Ni-Fe  layer  with  4ii-Fe  of  500  A  and  an  Fe  buffer 
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FIG.  5.  Typical  M -H  hysteresis  loops  of  film  at  first  peak,  namely  with  ^ 
and  of  10  and  10  A,  respectively. 
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FIG.  6.  XRD  patterns  for  films  of  Ni-Fe  single  layer  and  Ni-Fe/Fe  double 
layer. 

layer  with  thickness  of  500  A.  Although  the  Ni-Fe  single 
layer  revealed  only  apparent  (111)  orientation,  the  Ni-Fe 
layer  with  an  Fe  underlayer  revealed  (100)  orientation.  It  was 
concluded  that  the  Fe  buffer  layer  promoted  the  (100)  orien¬ 
tation  in  Ni-Fe  fee  crystallites  deposited  on  it. 

IV.  CONCLUSIONS 

Multilayers  composed  of  30  [Ni-Fe/Cu]  bilayers  depos¬ 
ited  on  a  50-A-thick  Fe  buffer  layer  were  prepared  by  ion 
beam  sputtering  in  order  to  attain  a  high  MR  ratio  and  pos¬ 
sess  a  soft  magnetism  applicable  to  recording  heads.  The 
results  obtained  are  as  follows; 


(1)  (100)  orientation  of  Ni-Fe  and  Cu  crystallites  in  the, 
multilayers  were  enhanced  at  ^  of  20  and  32  A.  The  ^ 
dependence  of  Ap/po  seemed  to  be  correspondent  to  that  of  a 
preferential  orientation  of  the  (100)  plane. 

(2)  Ap/pQ  took  a  high  value  at  4:^  of  10,  20,  and  32  A. 
For.example,  Ap/po  at  ^  of  10  A  was  as  high  as  12%. 
and  /ir  were  about  4  Oe  and  800,  respectively.  Ap/pg, 
and  /fj  at  of  20  A,  i.e.,  at  second  peak,  were  6%,  10  Oe, 
and  25  Oe,  respectively. 

(3)  Ni-Fe/Cu  multilayers  with  the  same  construction  but 
without  an  Fe  buffer  layer  did  not  reveal  apparent  (100)  pref¬ 
erential  orientation  and  did  not  possess  Ap/pg  as  high  as  de¬ 
tectable.  Ap/pg  was  strongly  dependent  on  not  only  interlayer 
thickness,  such  as  but  also  (100)  crystallites  orientation. 

As  a  result,  we  have  succeeded  in  prepare,  GMR  multi¬ 
layers  with  sufficiently  soft  magnetic  properties  suitable  not 
only  for  detecting  as  a  MR  head  but  also  for  writing  it  as  an 
inductive  head.  Then  these  multilayers  seemed  to  be  appli¬ 
cable  for  a  core  layer  in  inductive-MR  hybrid  type  of  record¬ 
ing  heads. 
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Novel  magnetoresistance  behavior  in  single  trilayer  spin  valves 
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Cavendish  Laboratory,  University  of  Cambridge,  Madingley  Road,  Cambridge  CB3  OHE,  United  Kingdom 

Single  trilayer  spin  valves  consisting  of  uncapped  FeNi(60  A)/Cu(60  A)/Co(40  A)  have  been  grown 
using  ultrahigh  vacuum  (UHV)  electron  beam  evaporation  methods.  Room  temperature 
magnetoresistance  (MR)  measurements  exhibit  well  defined  plateaux  corresponding  to  the  full 
antiparallel  alignment  of  the  FeNi  and  Co  magnetizations.  TTiis  sharp  switching  behavior  and 
precisely  defined  antiferrimagnetic  state  is  in  contrast  with  the  corresponding  behavior  reported  for 
FeNi/Cu/Co  multilayers. 


INTRODUCTION 

The  discovery  of  the  giant  magnetoresistance  (GMR) 
effect*  has  fuelled  intense  research  into  the  properties  of  ar¬ 
tificially  engineered  magnetic  multilayers.  Soft  magnetic 
multilayers  such  as  Fe2oNi8o/Cu/Co^  are  of  particular  interest 
for  their  GMR  behavior  in  low  fields,  in  contrast  with  sys¬ 
tems  such  as  Fe/Cr  and  Co/Cu  which  saturate  at  high  fields. 
In  the  present  work  we  have  utilized  UHV  electron  beam 
evaporation  growth  techniques  together  with  in  situ 
magneto-optic  Kerr  (MOKE)  magnetometry  and  reflection 
high-energy  electron  diffraction  (RHEED)  studies.  We  report 
the  observation  of  sharp,  independent  magnetic  switching  for 
the  two  layers  in  the  trilayer  system  Fe2oNi8(y/Cu/Co,  corre¬ 
sponding  to  plateaux  in  the  magnetoresistance  (MR).  In  our 
samples  a  field  of  about  10  Oe  aligns  the  layers  antiparallel, 
and  we  believe  this  is  the  first  direct  observation  of  a  definite 
antiparallel  state  in  this  system.  We  attribute  the  realization 
of  the  antifenimagnetic  state  to  the  uniaxial  anisotropy  in¬ 
duced  by  using  MBE  growth  techniques.  We  show  that  the 
single  trilayers  exhibit  very  different  properties  from  the 
work  reported  on  multilayers.  The  independent  switching 
and  well  defined  antiferrimagnetic  state  give  rise  to  near 
ideal  spin-valve^  behavior  in  our  samples,  which  we  investi¬ 
gate  in  detail. 

The  samples  we  have  studied  in  all  cases  consist  of  a 
single  trilayer  of  FeNi  (60  A)/Cu(60  A)/Co(40  A)  grown  on 
Si(lOO)  and  As-capped  GaAs(OOl)  substrates  in  a  UHV 
chamber  using  electron  beam  evaporation  techniques.  Ex  situ 
transmission  electron  microscopy  (TEM)  was  used  to  char¬ 
acterize  samples  post  growth,  and  revealed  a  polycrystalline 
structure  with  a  grain  size  of  10  nm.  In  addition  the  MOKE 
measurements  revealed  that  the  first  30  A  of  the  FeNi  was 
nonmagnetic,  and  RHEED  and  cross  section  transmission 
electron  microscopy  (XTEM)  have  indicated  that  a  reaction 
occurs  with  the  Si  substrate  to  form  a  rough,  amorphous 
layer  consistent  with  other  reports.'*’^  Samples  were  depos¬ 
ited  at  ambient  temperature  (~50°C)  onto  Si(lOO)  and 
GaAs(OOl)  wafers  at  a  pressure  not  exceeding  5X10~®  mbar. 
Substrates  were  cleaned  in  an  ultrasonic  bath  using  IPA  prior 
to  insertion  into  the  vacuum  system.  The  depostion  rates 
were  typically  1,  5,  and  2  A/min  for  FeNi,  Cu,  and  Co, 
respectively.  The  chamber  was  then  vented  and  a  CoO  layer 
was  allowed  to  form  by  oxidation  of  the  Co  surface  layer. 
The  thickness  of  the  CoO  layer  was  determined  to  be  20  A 
by  both  SQUID  magnetometry  and  polarized  neutron  reflec- 
tometry  (PNR)  measurements.® 


Ex  situ  MR  measurements  were  carried  out  using  a  four- 
point  in-line  geometry,  at  both  room  temperature  and  below 
using  a  continuous  flow  He  cryostat.  Room  temperature  mea¬ 
surements  were  also  carried  out  by  varying  the  angle  be¬ 
tween  the  two  layer  magnetizations  to  investigate  the  spin- 
valve  effect,  from  which  the  GMR  and  anisotropic 
magnetoresistance  (AMR)  terms  can  then  be  isolated. 

RESULTS 

Figure  1  shows  the  in  situ  MOKE  loops  obtained  during 
the  growth  of  the  sample.  The  loops  obtained  on  the  com¬ 
pleted  sample  (a)  show  that  the  separate  layers  switch  inde¬ 
pendently  along  the  [100]  axis,  in  contrast  to  the  results  of 
other  studies  on  this  system.^  This  sharp  switching  is  realized 
by  the  presence  of  a  uniaxial  anisotropy  in  both  layers,  as 
evidenced  by  the  [010]  axis  benavior.  The  anisotropy  axes 
for  the  two  layers  are  found  to  be  rotated  slightly  from  each 
other,  and  their  directions  are  independent  of  any  magnetic 
fields  applied  during  growth  or  the  substrate  orientation.  The 
abrupt  switching  behavior  has  been  observed  to  deteriorate 
with  increasing  number  of  periods  of  the  trilayer,  and  this 
suggests  that  the  increasing  waviness  or  roughness  of  the 
successive  interfaces  has  a  dramatic  eucet  on  the  coupling 
between  the  ferromagnetic  layers.  This  is  consistent  with  re¬ 
cent  reports  on  sputtered  samples.’ 

From  Fig.  1(b),  the  presence  of  a  weak  ferromagnetic 
exchange  coupling  between  the  FeNi  and  Co  layers  is  also 
indicated  by  the  increase  of  the  FeNi  layer  coercivity  upon 
Co  deposition  on  the  Cu  mterlayer.  Figure  1(c)  shows  the 
effect  of  the  CoO  layer  which  forms  almost  instantaneously 
upon  venting  the  chamber.  The  Co  layer  coercivity  is  seen  to 
increase  due  to  either  weak  exchange  coupling  to  the  para¬ 
magnetic  oxide  (the  Neel  temperature  for  CoO  is  293  K)®  or 
pinning  by  structural  defects  formed  during  the  oxidation 
process. 

Figure  2(a)  shows  the  superimposed  MR  and  MOKE 
loops  for  a  trilayer  grown  on  Si(lOO).  At  point  A,  the  layer 
magnetizations  are  both  aligned  parallel.  At  point  B,  the  ap¬ 
plied  field  is  greater  then  the  saturating  field  of  the  FeNi 
layer,  but  less  than  the  coercive  field  of  the  Co  layer.  As  a 
result,  the  layers  are  aligned  antiparallel,  and  a  tme  antifer¬ 
rimagnetic  state  is  realized  as  has  also  been  confirmed  by 
SQUID  and  vibrating-sample  (VS)  magnetometry.  At  point 
C,  the  Co  layer  has  also  switched  and  so  the  layers  are 
aligned  parallel  again.  The  MR  behavior  shows  that  when  the 
layers  are  aligned  parallel  the  resistance  is  a  minimum,  and 
that  when  the  trilayer  is  in  the  antiferrimagnetic  configura¬ 
tion  the  MR  exhibits  plateaux.  Figure  2(b)  shows  the  sensi- 
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FIG.  1.  In  situ  MOKE  loops  obtained  for  growth  of  single  trilayer  on  a 
Si(lOO)  substrate.  See  the  main  text  for  explanation. 
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FIG.  2.  Ex  situ  MOKE  and  MR  loops  for  a  trilayer  grown  on  Si{100):  (a) 
MR  and  MOKE  loops  for  sample  immediately  after  growth;  (b)  MR  and 
sensitivity  measured  on  the  same  sample  on  more  sensitive  equipment  after 
50  days. 


lei  layer  alignment.  When  the  field  is  large  enough  to  rotate 
the  Co  layer  magnetization  as  well,  true  antiparallel  align¬ 
ment  is  never  achieved  so  the  resistance  change  is  much 
smaller,  and  two  peaks  are  observed.  The  AMR  term  is  esti¬ 
mated  to  be  roughly  l/15th  of  the  GMR  term,  which  is  con¬ 
sistent  with  previously  reported  values.^'*®’” 

Figure  4  shows  the  temperature  variation  of  the  maxi¬ 
mum  and  minimum  resistance  and  the  MR  ratio  with  tem¬ 
perature.  Below  50  K  the  samples  can  no  longer  be  saturated 
so  the  minimum  resistance  cannot  be  measured.  The  peak  in 
the  resistance  at  250  K  is  due  to  increased  shunting  in  the  Si 
substrate.  Between  50  and  250  K  the  MR  decreases  linearly 
by  63%,  while  the  FeNi  layer  magnetizations  only  decrease 
by  7%.  The  presence  of  the  CoO  layer  complicates  further 


tivity  of  a  trilayer  sample,  which  is  defined  as  the  change  in 
MR  per  unit  applied  field,  A  maximum  value  of  0.51%/Oe  is 
obtained  for  a  sample  with  a  total  MR  effect  of  1.6%,  which 
is  larger  than  the  sensitivity  for  FeNi  fibers.®  This  sample 
shows  a  slightly  different  MR-//  characteristic  due  to  pro¬ 
longed  exposure  to  air  compared  to  the  sample  for  Fig.  2(a). 

Measurements  were  also  canted  out  using  the  same 
method  as  reported  by  Miller'®  in  order  to  isolate  the  GMR 
and  AMR  terms  and  evaluate  the  spin-valve  behavior  of  the 
trilayers.  Samples  were  first  saturated  with  an  applied  field  of 
200  Oe  in  the  easy  axis.  The  applied  field  was  then  reduced 
and  rotated  with  respect  to  the  sample.  Figure  3  shows  the 
resistance  as  a  function  of  angle  between  the  applied  fields  of 
22, 28.6,  and  37.4  Oe  and  the  initial  saturation  direction.  The 
resistance  behavior  is  found  to  very  closely  follow  a  cos{9} 
dependence  and  shows  one  peak  corresponding  to  antiparal- 
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FIG.  3.  Angular  dependence  of  the  MR  for  a  trilayer  grown  on  Si(lOO).  The 
inset  shows  the  values  of  the  rotating  applied  field  in  relation  to  the  MR  loop 
along  the  [100]  direction. 
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FIG.  4.  Temperature  dependence  of  the  minimum  resistance,  the  maximum 
resistance,  and  the  MR  ratio  for  a  single  triiayer  grown  on  Si(lOO). 

analysis  of  the  data  and  the  decrease  in  the  Co  layer  magne¬ 
tization  cannot  be  measured  accurately,  but  experiments  on 
capped  samples  will  be  reported  in  a  future  publication.^ 
However,  it  can  still  be  inferred  that  the  change  in  the  MR  is 
strongly  dependent  on  the  temperature  dependence  of  the 
magnon  scattering,  since  the  minimum  resistance  changes  by 
only  21%. 

DISCUSSION 

The  above  results  observed  for  the  angle-dependent  MR 
show  that  the  samples  exhibit  near  ideal  spin-valve  behavior. 
It  is  possible  to  simulate  the  MOKE  response  of  the  samples 
if  the  magnetization  reversal  is  assumed  to  be  a  single  do¬ 
main  coherent  rotation  process.  The  energy  of  the  system  can 
be  expressed  as 

£=-fiMi-H-r2M2-H-FK„i  sin2(0,-ai) 

+  /l„2  Sin^(02~O^2)“2Ai2  COS(0i-02)'  (1) 

The  first  and  second  terms  are  the  usual  Zeeman  terms  for 
the  interaction  of  a  region  of  magnetization  M  and  thickness 
t  in  an  external  field  H  for  the  two  separate  layers.  The 
following  two  terms  are  the  uniaxial  anisotropy  terms  for 
each  layer,  where  (0-a)  is  the  angle  between  the  magneti¬ 
zation  and  the  easy  axis.  The  final  term  is  the  bilinear  ex¬ 
change  coupling  term  between  the  two  magnetic  layers.  The 
calculation  then  gives  the  direction  of  the  magnetization  of 
each  layer  which  can  be  used  to  approximate  the  hysteresis 
loop.  Once  the  directions  of  the  magnetizations  are  known,  it 
is  then  possible  to  approximate  the  shape  of  the  MR  by  using 
the  following  equation: 

R  =  i?0  +  /?AMR  COS^  01+£gMR  cos(0i  — 02)i  (2) 

where  it  is  assumed  that  the  GMR  and  AMR  terms  are  added 
in  series  and  Rqmr  ^nd  /?amr  amplitudes.  The  re¬ 

sults  for  this  simulation  are  shown  with  experimental  results 
for  a  trilayer  grown  on  GaAs(OOl)  in  Fig.  5.  The  values  for 
the  anisotropy  constants  used  for  the  simulation  were 
3.1X10^  and  1.4X10^  erg/cm^  for  the  FeNi  and  Co,  respec¬ 
tively,  which  are  larger  than  the  experimentally  determined 
values  from  the  M -H  loops.  In  addition,  the  switching  fields 
for  the  45"  axis  are  less  than  those  observed  experimentally. 


FIELD/Oe 


FIG.  5.  MR  loops  for  a  trilayer  grown  on  GaAs(OOl);  (a)  Simulated  loops 
along  the  easy  axis  and  the  axis  at  43°;  (b)  experimentally  observed  loops 
along  the  easy  axis  and  the  axis  at  45°. 


This  indicates  that  domain  wall  sweeping  rather  than  magne¬ 
tization  rotation  is  taking  place  at  these  fields  and  that  there 
may  be  internal  fields  in  our  polycrystalline  samples  that 
need  to  be  included  in  the  calculation.  However,  the  qualita¬ 
tive  agreement  between  the  simulation  and  the  experimen¬ 
tally  observed  MR  curves  is  still  extremely  good,  and  it  can 
be  concluded  that  if  the  field  is  applied  along  the  Co  easy 
axis,  antiparallel  alignment  of  the  complete  layer  magnetiza¬ 
tions  can  be  achieved. 
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The  main  source  of  1//  resistance  noise  in  materials  exhibiting  giant  magnetoresistance  (GMR)  is 
the  GMR  effect  itself.  Large  1//  noise  from  fluctuations  in  the  parallel  vs  antiparallel  alignment 
appears  when  \dRldH\  is  large.  We  have  studied  this  noise  as  a  function  of  the  number  of  Co/Cu 
bilayers  in  multilayer  samples  and  discuss  the  implications  for  devices.  Barkhausen  noise  in  the 
resistance  as  the  field  is  swept  through  the  GMR  transition  is  used  to  estimate  coherent  domain  sizes 
between  0.1  and  10  pxc?  for  a  single  Co  layer  in  the  multilayers.  GMR  noise  is  also  seen  in  a  Co/Ag 
{•ranular  system. 


Materials  exhibiting  giant  magnetoresistance  (GMR)  are 
generating  great  interest  in  part  because  of  their  potential  for 
technical  applications  in  magnetic  recording.*  Realization  of 
this  potential  will  require  understanding  the  limits  set  on 
detector  sensitivity  by  intrinsic  noise  of  the  materials.  We 
have  characterized  a  large  source  of  1//  noise  in  Co/Cu  mul¬ 
tilayers  exhibiting  GMR  and  have  studied  its  dependence  on 
the  number  of  layers.  In  addition,  measurements  of  the  resis¬ 
tive  noise  while  the  magnetic  field  is  swept  allow  us  to  char¬ 
acterize  the  effective  domain  size  for  the  GMR  dynamics. 

We  also  report  GMR  1//  noise  in  preliminary  measure¬ 
ments  on  a  CoAg  granular  system.  Such  measurements  po¬ 
tentially  offer  information  to  help  determine  the  mechanism 
for  the  GMR  effect  in  granular  systems.^^ 

The  Co/Cu  multilayers  were  prepared  at  IBM  and  con¬ 
sist  of  varying  numbers  of  sputtered  bilayers.  Each  Co  layer 
is  10-A  thick  and  in  the  samples  denoted  “A”  (“B”)  each  Cu 
spacer  layer  is  19-A  (9-A)  thick.  The  various  samples  are 
described  in  Table  I.  Each  sample  is  photolithographically 
patterned  into  a  bridge  of  four  parallel  arms.  A  constant  cur¬ 
rent  is  applied  to  the  sample  and  the  resulting  fluctuations  in 
voltage  across  the  bridge  are  amplified  with  commercial  low- 
noise  amplifiers,  anti-alias  filtered  and  then  digitally  sampled 
and  Fourier  transformed  (and  squared)  by  a  standard  PC  to 
give  the  noise  spectrum. 

All  the  measurements  discussed  employ  dc  currents  be¬ 
cause  ac  probe  currents  were  found  to  completely  alter  the 
noise  spectra  and  ac  GMR  response.  The  techniques  are 
more  fully  described  elsewhere.'*  All  of  the  multilayer  mea¬ 
surements  were  made  at  room  temperature. 


The  data  for  each  noise  spectrum  are  collected  while  a 
constant  magnetic  field,  H,  is  applied  in  the  plane  of  the 
sample.  After  H  is  changed  several  minutes,  at  least,  are 
allowed  for  the  magnetization  to  reach  quasiequilibrium  be¬ 
fore  taking  a  spectrum.  For  the  Barkhausen  measurements, 
on  the  othei  hand,  H  is  ramped  continuously  and  voltage 
fluctuations  ai^  recorded  directly  as  a  function  of  time  with¬ 
out  Fourier  transforming. 

Figure  1  shows  the  form  of  the  noise  power  and  resis¬ 
tance  as  a  function  of  H.  The  noise  is  plotted  in  the  form  of 
the  dimensionless  parameter  a  defined  by  a(/ ) 
-fSn{f  where  Sn(f  )  is  the  power  spectral  density 

of  fluctuations  in  R  and  N  is  the  number  of  atoms  in  the 
sample.  We  have  previously  shown  that  a(//)  can  be  pre¬ 
dicted,  except  near//=0,  via  the  fluctuation  dissipation  theo¬ 
rem  from  the  out-of-phase  response  of  the  resistance  to  an  ac 
magnetic  field,  using  the  assumption  that  R  is  a  function  only 
of  the  magnetization  Mf 

While  H  is  being  swept,  the  noise  power  at  fields  with 
large  \dR/dH\  is  much  greater  than  in  equilibrium,  as  illus¬ 
trated  in  Fig.  2.  Since  essentially  every  layer  pair  must  rotate 
from  antiparallel  (AP)  to  parallel  (P)  alignment  as  H  in¬ 
creases  from  zero,  this  nonequilibrium  (Barkhausen)  GMR 
noise  allows  some  characterization  of  the  domains  beyond 
that  possible  from  the  quasiequilibrium  noise,  for  which  the 
fraction  of  the  sample  fluctuating  is  not  known. 

It  is  easy  to  set  an  upper  limit  to  the  size  of  any  domain 
whose  P-AP  order  changes  significantly  in  a  step  simply  by 
looking  for  the  maximum  step  sizes  in  the  Barkhausen  noise, 
and  applying  the  relation®’^ 


TABLE  I.  Sample  characteiistics. 


Sample 

A39 

A30 

A16 

AlO 

A5 

B 

Cu  thickness  (A) 

19 

19 

19 

19 

19 

9 

Number  of  bilayers 

39 

30 

16 

10 

5 

39 

Zero-field  R  (fi) 

166 

125 

215 

127 

275 

323 

SR/Ri, 

0.26 

0.235 

0.149 

0.114 

0.067 

0.45 

Peak  a 

17 

7.1 

6.7 

2 

0.3 

0.21 

5 

2.7 

5.3 

2.5 

2 

1 
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FIG.  1.  (a)  The  dimensionless  noise  parameter  a  as  a  function  of  field, 
starting  at  large  negative  fields,  for  samples  with  two  different  numbers  of 
bilayers,  (b)  Resistance  as  a  function  of  field  for  the  same  two  samples.  Note 
that  these  resistances  are  measured  across  the  sample  bridges  while  the 
numbers  in  Ihble  I  are  for  a  single  branch  of  each  sample. 


R=R^-(M/Ms)^AR,  (1) 

where  Mg  is  the  saturation  M  and  ^R  is  the  maximum  de¬ 
crease  in  R  from  the  antiparallel  R.  We  And  no  obvious 
discrete  domain  switches,  indicating  that  no  layer  pair  with 
area  greater  than  10  ^m^  reorders  coherently. 

The  Barkhausen  noise  also  lets  us  set  a  minimum  typical 
domain  size.  The  sweeps  shown  in  Fig.  2  show  that  a  finite 
change  in  H  is  required  before  one  obtains  a  new  random  R, 
indicating  that  the  noise  signal  at  any  held  comes  from  do¬ 
mains  that  have  rotated  within  about  SO  Oe  of  that  held. 
(This  field  range,  like  the  noise  amplitude,  depends  some¬ 
what  on  field  history.)  Thus  about  10%  of  the  layers  in  the 
sample  are  involved  in  the  Barkhausen  noise  at  the  maxi¬ 
mum  value.  Then  at  the  maximum 

((5if)2>/f?2^0.1(Vo/V)(A«//?)2/4  (2) 

by  simple  statistics,  where  Vp  is  a  typical  domain  volume 
and  V  is  the  sample  volume.  The  inequality  arises  because 
domains  probably  do  not  all  switch  from  AP  to  P  in  single 
steps. 

Equation  (2)  gives  Vp^2X10~*  fim^  or  a  domain  area 
in  one  magnetic  layer  of  >0.1  /xm^.  The  number  is  some¬ 
what  dependent  on  whether  \H\  is  being  increased  or  de¬ 
creased.  The  limits  on  the  domain  area  in  sample  B  were 


FIG.  2.  Barkhausen  noise  in  sample  A39.  Here  the  sample  has  1-mA  dc 
current  in  each  branch.  The  -700-0e  constant  field  trace  was  taken  after 
cycling  to  a  large  positive  field — it  corresponds  to  the  region  of  largest  noise 
when  the  field  is  continuously  swept. 


about  an  order  of  magnitude  smaller.  These  rather  large  do¬ 
mains  may  limit  the  uniformity  of  the  GMR  in  collections  of 
small  devices. 

The  size  of  the  GMR  effect  (AP/P)  is  well  known  to 
decrease  when  the  number  of  multilayers  is  reduced.  How¬ 
ever,  for  practical  applications  in  small  devices  the  field  sen¬ 
sitivity  would  be  determined  not  only  by  the  size  of  the 
GMR  effect  but  also  by  the  sample  noise.  At  very  high  fre¬ 
quencies,  Johnson  noise  rather  than  Hf  noise  becomes  the 
limiting  background.  However  (for  example),  in  39-layer 
sensors  operated  at  high  current  densities  (e.g.,  3X10® 
A/cm^)  the  average  GMR  1//  noise  will  exceed  the  Johnson 
noise  up  to  frequencies  on  the  order  of  lO’  Hz.  In  thinner 
samples  a  higher  current  density  can  be  sustained,  keeping 
the  frequency  below  which  the  GMR  1//  noise  becomes  im¬ 
portantly  high. 

We  have  rated  the  samples  (w.th  various  numbers  of 
multilayers)  according  to  the  minimum  field  change  , 
required  to  produce  a  change  in  P  discernable  above  the 
GMR  1//  noise  in  any  octave  bandwidth.  More  precisely,  we 
define  A//^  by 

(,AHg,)^=aRy{dRldHyN.  (3) 

The  results  are  listed  in  Table  I. 

Although  both  AP/P  and  N  become  smaller  for  thin 
samples,  the  reduction  in  the  characteristic  field  together 
with  the  strong  reduction  in  a  give  a  slightly  higher  sensitiv¬ 
ity  (vs  intrinsic  1//  noise)  in  the  thinnest  samples.  The  role  of 
detailed  sample  properties,  e.g.,  layer  roughness,  in  deter¬ 
mining  the  noise  of  each  sample  has  not  yet  been  sorted  out. 
The  deviation  of  sample  A16  from  the  trend  of  the  other 
samples  suggests  that  some  such  Individual  differences  may 
affect  the  comparisons  of  these  samples.  We  also  note  that 
sample  B,  with  9-A  Cu  layers  has  better  incremental  sensi¬ 
tivity  than  the  samples  with  19-A  layers,  although  at  larger 
absolute  H. 
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FIG.  3.  a  and  resistance  as  a  function  of  field,  starting  at  high  field,  for  the 
CoAg  granular  sample  at  4.2  K, 

Because  noise  measurements  help  characterize  the  cou¬ 
plings  of  the  spins  to  R  in  their  local  environments,  before 
averaging  over  the  ensemble  of  environments,  they  can  also 
be  used  to  provide  information  on  how  the  GMR  itself  works 
in  inhomogeneous  materials.  Figure  3  shows  a  preliminary 
measurement  of  the  1//  noise  and  resistance  in  a  granular 
Co/Ag  GMR  sample  as  a  function  of  applied  field  at  about 
4.2  K. 

The  294-nm-thick  sample  of  Ag  and  (nominally  20 
at.  %)  Co  was  prepared  using  two  independent  sputtering 
guns  with  rotating  substrates  at  an  Ar  pressure  of  5X10"^ 
Torn*  a  increases  substantially  to  a  peak  near  the  maximum 
in  \dR/dH\,  as  in  the  multilayers.  The  residua!  a  at  //=0  is 
less  than  30%  of  the  peak  value.  There  is  also  a  very  gradual 


increase  in  a  at  high  H,  whose  origin  (perhaps  connected' 
with  enhancement  of  universal  conductance  fluctuations  by 
the  suppression  of  spin-flip  scattering)  remains  undeter¬ 
mined. 

This  o^H)  curve  may  have  some  implications  for  the 
GMR  mechanism  in  an  inhomogeneous  material,  since  the 
noise  depends  on  the  mean  square  local  sensitivity  to  mag¬ 
netization,  rather  than  the  mean  sensitivity.  We  believe  that 
these  variations  in  local  sensitivity  will  prove  to  be  different 
in  the  spin  disorder  scattering  model*  and  the  d-band 
density-of-states  model.^ 

In  conclusion,  we  have  shown  that  the  GMR  effect  is 
accompanied  by  large  1//  noise,  which  may  limit  the  sensi¬ 
tivity  of  GMR  devices.  Surprisingly,  the  thinner  structures 
appear  to  have  slightly  better  intrinsic  field  sensitivity.  Pre¬ 
liminary  experiments  show  that  similar  noise  appears  in  a 
granular  GMR  material,  for  which  it  may  provide  evidence 
bearing  on  the  GMR  mechanism. 
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Co/Cu  multilayers  with  the  form  of  glass/Cu  50  A[Coil.5  A/Cu(rcu)]3o/Cu50  A,  prepared  by  if 
triode  sputtering,  exhibit  oscillatory  magnetoresistance  (MR),  as  a  function  of  the  Cu  layer  thickness 
with  a  period  of  =12  A  and  maximum  MR  values  of  36.8%  and  22.3%  at  77  and  295  K, 
respectively.  In  order  to  study  the  effect  of  annealing  on  the  structural  and  magnetic  properties,  five 
samples  with  Cu  thicknesses  between  9  and  34  A  were  heat  treated  at  temperatures  up  to  300  “C  and 
analyzed  by  low-  and  high-angle  x-ray  diffraction,  MR,  and  mageto-optic  Kerr  effect  measurements. 
Annealing  at  moderate  temperatures  for  the  samples  with  Cu  thicknesses  around  the  second  and 
third  MR  peaks  leads  to  an  initial  increase  in  the  MR.  In  contrast,  annealing  causes  only  a 
monotonic  MR  decrease  for  the  sample  at  the  first  peak  with  a  Cu  thickness  of  9  A. 


INTRODUCTION 

The  recent  discoveries  of  giant  magnetoresistance 
(GMR)  and  oscillatory  exchange  coupling  in  a  wide  variety 
of  magnetic  multilayers  have  stimulated  a  great  deal  of 
interest.*’^  In  particular,  sputtered  Co/Cu  multilayers  exhibit 
the  largest  MR  value  and  a  well-defined  oscillatory  exchange 
coupling  at  room  temperature.^"*  It  is  now  generally  agreed 
that  GMR  is  associated  with  the  reorientation  of  the  mag¬ 
netic  moments  in  neighboring  magnetic  layers  and  has  been 
interpreted  on  the  basis  of  spin-dependent  electron  scattering 
at  the  magnetic/nonmagnetic  interface  and  in  the  bulk  of  the 
magnetic  layer.*  Studies  demonstrate  that  in  Fe/Cr^’’  and 
Co/Re®  multilayers  the  GMR  is  enhanced  by  the  presence  of 
interfacial  roughness  due  to  either  changing  preparation 
conditions*  or  annealings’’®  while  it  decreases  in  some  other 
Cu-based  systems  upon  annealing.**’'® 

In  this  paper,  we  report  the  effect  of  relatively  low- 
temperature  annealing  up  to  300  “C  on  the  structural  and 
magnetic  properties  of  Co/Cu  multilayers  sputtered  onto  Cu 
buffer  layers  for  a  wide  range  of  Cu  thicknesses  in  order  to 
follow  the  effect  of  structural  modifications  on  the  GMR. 

EXPERIMENTAL  DETAILS 

Co/Cu  multilayers  with  the  form  of  glass/Cu50 
A[Co11.5  A/'Cu(rcu)]3o/Cu50  A  were  prepared  using  a  modi¬ 
fied  single-source  rf  triode  sputtering  system"  with  a  base 
pressure  of  less  than  2X10"’  Torr.  Depositions  were  carried 
out  under  3.25  mTorr  of  pure  argon  at  a  rate  of  approxi¬ 
mately  2  A/s,  the  exact  rates  being  calibrated  by  the  layer 
thicknesses  determined  by  low-angle  x-ray  diffraction.  A 
sample  shape  of  8X4  mm’  was  chosen  as  suitable  for  both 
transport  and  x-ray  measurements  and  was  defined  by  a  mask 
overlaid  on  the  substrate  during  deposition.  The  structure  of 
the  samples  was  determined  using  low-  and  high-angle  x-ray 
diffraction  measurements  with  CuK„  radiation."  The  MR 


was  measured  in  magnetic  fields  up  to  10  kOe  using  a  high- 
resolution  ac  bridge'’  and  the  magnetic  hysteresis  loop  was 
determined  by  means  of  the  magneto-optic  Kerr  effect 
(MOKE)  with  the  magnetic  field  applied  in  the  film  plane. 
All  experiments  were  performed  on  the  same  samples  to  en¬ 
sure  accurate  comparison  of  the  data  afte'  each  thermal  treat¬ 
ment. 

Annealing  was  carried  out  in  a  temperature-controlled 
tube  furnace  with  the  sample  placed  in  a  quartz  probe  which, 
was  continuously  evacuated  to  a  pressure  of  ~5X10"*  Torr. 
In  order  to  follow  the  structural  and  magnetic  evolution  pro¬ 
gressively,  samples  were  annealed  at  each  temperature  step 
and  cooled  to  room  temperature  for  x-ray  diffraction, 
MOKE,  and  transport  measurements.  This  cycle  was  re¬ 
peated  at  the  same  annealing  temperature  until  the  behavior 
stabilized  before  proceeding  to  a  higher  temperature. 

RESULTS  AND  DISCUSSION 

Figure  1  summarizes  the  variation  of  the  MR  magitude 
as  a  function  of  the  Cu  thickness  for  the  as-deposited  multi¬ 
layers  with  a  50-A  Cu  buffer  at  77  and  300  K.  Three  oscil¬ 
lation  peaks  are  identified  at  Iq,=9.2,  21.7,  and  33.6  A  with 
a  period  (=12  A)  and  phase  similar  to  values  reported  in 
other  Co/Cu  studies.’'*  The  MR  values  at  the  first  peak  are 
smaller  than  those  found  for  the  Co/Cu  multilayers  grown  on 
a  50-A  Fe  buffer  layer.’"*  This  reduction  can  be  ascribed 
partly  to  an  incomplete  antiferromagnetic  coupling  in  our 
samples  resulting  from  uneven  layer  growth  on  the  Cu  buffer 
layer*’'*  and  partly  to  a  larger  shunting  effect  of  the  50-A  Cu 
buffer/cap  layers  which  reduces  the  maximum  MR  by  about 
10%.* 

Five  samples,  marked  A-E  in  Fig.  1,  were  selected  for 
annealing  studies.  High-angle  x-ray  measurements  show  that 
all  our  samples  are  polycrystalline  with  a  (111)  texture,  as 
presented  in  Fig.  2  for  sample  D.  The  dominant  feature  is  a 
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FIG.  1.  Dependence  of  the  saturation  MR  at  77  and  295  K  on  the  Cu  layer 
thickness  for  multilayers  with  the  form  glass/Cu50  AjColl-S 
A/Cu(rca)]3o/Cu50  A.  The  five  samples  A,  B,  C,  D,  and  E  were  selected  for 
annealing  studies. 

Strong  (111)  peak  (20=44°)  situated  between  the  fee  Cu  and 
Co  (111)  Bragg  peaks  at  43.3°  and  44.2°,  respeetively.  A 
weak  (200)  peak  (at  about  51°)  is  also  present  but  no  evi- 
denee  for  interlayer  eoherenee  is  apparent  in  these  speetra. 
The  (111)  and  (200)  linewidths  were  found  to  deerease 
monotonieally  with  eaeh  annealing  step  although  the  peak 
positions  remain  unehanged  (see  Table  I),  suggesting  that  the 
films  have  developed  larger  textured  grains  with  no  evidence 
for  formation  of  phase  segregated  regions.  This  suggestion  is 
consistent  with  the  decrease  of  the  zero-field  resistance  Rq 
observed  after  each  anneal  (Table  I).  Low-angle  x-ray  reflec¬ 
tivity  spectra  for  the  same  sample  are  presented  in  the  inset 
of  Fig.  2.  Since  there  is  no  significant  change  in  the  super¬ 
lattice  peaks  after  annealing,  we  conclude  that  the  composi¬ 
tion  modulation  persists,  consistent  with  the  high-angle  data. 
The  slight  change  in  the  reflectivity  below  the  20  value  of  the 


FIG.  2.  High-angle  diffraction  spectra  for  sample  C  (a)  as-deposited  and  (b) 
after  an  anneal  at  250  °C  for  2  h.  The  corresponded  low-angle  x-ray  reflec¬ 
tivity  data  are  shown  in  the  inset. 


TABLE  I.  Results  measured  at  295  K  on  the  samples  marked  in  Fig.  1 
before  and  after  annealings.  and  are  the  annealing  temperature  and 
time.  /?o  is  ihs  resistance  at  zero  field,  AR,=Ro-Rs  is  the  absolute  change 
in  the  resistance,  ARq/R,  is  the  TMR  magnitude,  and  A6  is  the  linewidth  of 
the  high-angle  (111)  x-ray  peak. 


Sample 

(ro.A) 

TJta 

(°C/h) 

Ro 

(fl) 

(ft) 

AR,/R, 

(%) 

Ae 

n 

A.  9.2 

initial 

8.13 

1.48 

22.3 

0.80 

150/2 

7.61 

1.00 

15.1 

0.78 

150/4 

7.59 

0.90 

13.5 

0.73 

200/1 

6.86 

0.44 

6.9 

0.74 

B.  21.7 

initial 

3.41 

0,55 

19.4 

0.64 

250/2 

3.04 

0.52 

20.6 

0.52 

250/4 

2.91 

0.44 

17.4 

0.56 

300/1 

2.48 

0.20 

8.5 

0.46 

300/2 

2.41 

0,15 

6.4 

0.46 

C.  33.6 

initial 

1.85 

0.13 

7.3 

0.57 

250/2 

1.54 

0.14 

9.8 

0.46 

250/4 

1.58 

0.12 

8.4 

0.48 

300/1 

1.44 

0.10 

7.2 

0.40 

300/2 

1.40 

0.10 

7.6 

0.38 

D.  19.5 

initial 

3.74 

0.49 

14.8 

150/20 

3.79 

0.57 

17.7 

0.61 

200/20 

3.60 

0.55 

18.0 

0.60 

250/2 

3.42 

0.49 

16.3 

0.59 

250/4 

3.40 

0.45 

15.2 

0.58 

300/1 

2,87 

0.16 

6.0 

0.54 

300/2 

2.82 

0.11 

3.9 

0.53 

E.  17.5 

initial 

3.65 

0.25 

7.3 

150/20 

3.58 

0.31 

9.5 

200/20 

3,36 

0.34 

10.8 

250/2 

3.27 

0.25 

8.1 

250/4 

3.22 

0.22 

7,2 

300/1 

2.87 

0,08 

2.9 

300/2 

2.84 

0.08 

2.8 

first  Bragg  peak  for  the  annealed  film  arises  from  the  growth 
of  an  oxide  overlayer  during  annealing.  Similar  behavior  was 
observed  for  the  other  annealed  samples. 

Representative  MR  data  at  295  K  for  samples  A 
(/cu=9.2  A),  C  (33.6  A),  and  D  (19.5  A),  as-deposited  and 
after  annealing  are  displayed  in  Fig.  3.  The  MR  is  defined 
here  as  the  ratio  (f?o-Rj)//?^,  where  Rq  is  the  maximum 
value  of  the  resistance  and  R^ ,  the  high  field  saturated  value. 
The  MR  of  sample  A  (fcu=9.2  A)  drops  from  22.3%  to 
15.1%  after  annealing  at  only  150  °C  for  2  h,  whereas  the 
MR  of  sample  D  (/cu=19.5  A)  increases  slightly  from  14.8% 
to  18%  after  the  more  intense  treatment  at  200  °C  for  20  h. 
From  the  MR  data  in  Table  I  it  can  be  seen  that  for  the 
samples  with  thicker  C!u  layers  (B  to  E),  the  MR  and  AiRj 
initially  pass  through  a  maximum  before  decreasing.  In  con¬ 
trast,  for  sample  A  with  small  tca=9.2  A,  the  ^Rg/Rs  and 
A/?j  decrease  progressively  with  increasing  temperature  and 
time.  It  appears  that  the  atomic  mixing  and  disorder  within 
the  very  thin  Cu  layer  of  the  as-deposited  multilayer  results 
in  a  relatively  poor  Co  layer  coupling.  This  conclusion  is 
consistent  with  the  fact  that  the  first  peak  in  Fig.  1  is  much 
narrower  than  the  second  and  not  much  higher. 

The  magnetic  behavior  of  the  films  was  also  monitored 
after  each  annealing  step.  Figure  4  shows  hysteresis  loops  for 
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FIG.  3.  Resistance  vs  field  curves  at  295  K  before  annealing  (solid  curves) 
and  after  annealing;  (a)  sample  A,  ISO  °C  for  2  h  (dotted  line),  200  °C  for  1 
h  (dashed  line);  (b)  sample  D,  200  °C  for  20  h  (dotted  line),  300  °C  for  1  h 
(dashed  line);  (c)  sample  C,  250  °C  for  2  h  (dotted  tine),  300  °C  for  1  h 
(dashed  line). 


sample  D  as-deposited  and  after  annealing.  For  the  as- 
deposited  matfia*,  the  Kerr  rotation  indicates  a  large  rema- 
nence  at  zero  field  and  a  slow  approach  to  saturation,  sug¬ 
gesting  that  only  a  fraction  of  the  layers  is 
antifenomagnetically  coupled.  Annealing  at  a  moderate  tem¬ 
perature  results  in  a  nearly  zero  remanence  and  a  wasp- 
waisted  curve  characteristic  of  a  film  with  substantial  antifer¬ 
romagnetic  coupling.  Further  annealing  gives  rise  to  an 
almost  square  loop  typical  of  a  ferromagnetic  film.  Samples 
C  and  D  followed  the  same  behavior.  Combining  the  struc¬ 
tural,  transport,  and  magnetic  results,  we  conclude  that  the 
initial  increase  in  the  MR  can  be  ascribed  to  the  larger  grain 
size  which,  in  turn,  results  in  an  increase  of  the  antifenomag- 
netically  coupled  fraction  of  the  film.  On  the  contrary,  for 
sample  A  there  was  only  a  monotonic  increase  in  the  rema¬ 
nence  upon  annealing,  indicating  a  monotonic  decrease  of 
the  interlayer  antiferromagnetic  coupling,  as  inferred  from 
the  MR  results. 

In  summary,  oscillatory  MR  has  been  observed  in  sput¬ 
tered  Co/Cu  multilayers  grown  on  glass  substrates  with  50-A 
Chi  buffer  and  cap  layers.  Annealing  of  samples  at  moderate 
temperatures  leads  to  larger  grain  sizes  with  no  loss  in  the 
multilayer  periodicity.  Annealed  samples  at  the  second  and 
third  MR  peaks  show  an  initial  increase  of  the  MR  arising 
from  an  enhancement  of  the  antiferromagnetically  coupled 


0 

H  (Oe) 


FIG.  4.  MOKE  hysteresis  loops  for  sample  D  with  rcu=19.5  A:  (a)  as- 
deposited;  (b)  annealed  at  200  °C  for  20  h;  (c)  annealed  at  300  °C  for  2  h. 


fraction  of  the  films.  No  MR  increase  is  observed  for  the 
sample  at  the  first  peak  probably  because  the  very  thin  Cu 
layer  is  initially  too  disordered. 
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Magnetoresistance  and  exchange  effects  of  NiCo/Cu  sandwich  films 
with  oxide  overlayer 
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Giant  magnetoresistance  (GMR)  of  8%  at  4.2  K  is  found  in  sandwich  films  having  the  composition 
Nio.7Coo.3(50  A)/Cu(r)/NiCo(50  A)/NiCoO(40  A)  where  NiCoO  is  a  mixed  oxide  overlayer  that 
exchange  couples  with  the  NiCo  alloy  layer.  These  films  show  a  MR  temperature  dependence  quite 
similar  to  that  previously  reported  for  Co/Cu/Co/CoO  where  the  MR  becomes  small  above  200  K. 
When  bilayers  of  CoO/NiO  are  placed  on  the  NiCo  layer,  the  temperature  dependence  of  MR 
extends  to  250  K.  The  magnitude  of  the  MR  at  4.2  K  scales  with  the  magnitude  of  the  saturation 
magnetization  in  the  NiCo  and  Co  films. 


I.  INTRODUCTION 

Giant  magnetoresistance  (GMR)  found  in  multilayers*’^ 
is  also  found  in  sandwich  layers^’"*  composed  of  two  mag¬ 
netic  layers,  Mj  and  M2,  separated  by  a  single  layer  of  a 
nonmagnetic  metal  as  shown  in  Fig.  1.  Initial  work  by  Dieny 
et  al?  described  sandwiches  of  NiFe/Cu/NiFe  with  an  FeMn 
overlay.  The  observed  changes  in  resistivity  with  applied 
magnetic  field  was  called  a  “spin-valve”  effect  because  it 
depends  on  the  relative  angle  between  the  directions  of  mag¬ 
netization  of  the  two  magnetized  NiFe  layers.  Speriosu 
et  al*  have  also  reported  on  Co/Cu/Co  sandwiches  also  with 
an  FeMn  overlay  that  have  MR  of  4%  at  room  temperature. 

The  importance  of  the  FeMn  alloy  layer  comes  about 
because  it  is  antiferromagnetic  and  exchange  couples  with 
either  the  FeNi  or  Co  upper  layer.  This  inhibits  the  rotation 
of  the  magnetization  of  the  upper  layer  Mj  with  respect  to 
the  lower  magnetic  layer  M2.  When  the  two  magnetic  layers 
in  the  sandwich  are  antiparallel  at  low  magnetic  fields  (H) 
the  sandwich  film  resistivity  is  a  maximum  (pn,ax)-  For  large 
H  when  Mj  and  M2  are  parallel,  minimum  (p^jn)  is  mea¬ 
sured.  This  resistivity  effect  is  caused  by  polarized  conduc¬ 
tion  electrons  from  one  layer  which  are  scattered  by  the  an¬ 
tiparallel  magnetic  layer  as  well  as  any  disordered  magnetic 
moments.  Magnetic  saturation  minimizes  this  scattering. 

In  our  previous  study^  of  Co/Cu/Co  we  often  obtained 
large  MR  (up  to  12%  at  4.2  K)  with  no  special  overlayers  or 
underlayers.  Subsequently  it  was  found*  that  consistently 
large  values  of  MR  could  only  be  obtained  if  a  CoO  over- 
layer  is  deposited  on  the  Co/Cu/Co  sandwich.  The  antiferro¬ 
magnetic  CoO  served  the  same  purpose  as  the  FeMn.  Al¬ 
though  the  CoO  is  antiferromagnetic  with  a  transition  at  290 
K,  the  exchange  coupling  was  only  effective  to  about  200  K 
above  which  the  MR<1%. 

Since  the  antiferromagnetic  transition  of  NiO  is  520  K, 
in  the  present  work  sandwiches  of  Nio.7Coo,3(50  A)/Cu(/)/ 
NiCo(50  A)/NiCoO  were  made  in  an  attempt  to  increase  the 
value  of  MR  at  room  temperature.  In  addition  Nig jCoq^  bulk 
alloys  are  known  to  be  magnetically  soft  similar  to  permal¬ 
loy,  hence  NiCo  films  might  make  a  more  sensitive  magnetic 
probe. 
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il.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  films  are  prepared  on  glass  substrates  by  magnetron 
sputtering  in  a  3-mTorr  Ar  atmosphere  using  Cu  and 
Nio.7Coo.3  targets.  The  substrates,  at  ambient  temperature,  are 
moved  sequentially  over  each  gun  to  deposit  film  on  the 
substrate.  Film  structure  is  shown  in  Fig.  1  and  the  layer 
thicknesses  are  listed  in  Table  I.  The  Nio,7Coo.30  overlay  is 
added  by  depositing  additional  NiCo  on  the  upper  magnetic 
layer  Ml  and  simultaneously  introducing  oxygen  to  the  sput¬ 
tering  system.  We  do  not  know  the  exact  composition  of  the 
oxide  layer,  however  since  the  substrate  temperature  is 
‘«50  °C,  the  oxide  may  be  amorphous.  The  last  three  films 
listed  in  Table  I  are  made  with  a  double  oxide  overlay.  Co¬ 
balt  and  nickel  targets  are  used  to  first  form  a  reactively 
sputtered  CoO  of  50  A  followed  by  a  NiO  layer  of  50  A. 

Magnetization  of  the  films  was  measured  with  a  Quan¬ 
tum  Design  SQUID  magnetometer.  As  seen  in  Table  1  values 
of  magnetic  saturation  M^  at  4.2  K  vary  from  800  to  900 
emu/cm^.  Many  of  our  films  are  about  10%  higher  than  the 
value  for  bulk  NiojCogg  (812  emu/cm^).  In  our  previous 
work*’*  with  Co  sandwich  films,  M,  was  10%  to  15%  lower 
than  Co  bulk  values.  We  attribute  the  lower  magnetization  of 
Co  to  oxygen  penetration  of  the  upper  Co  layer,  a  condition 
which  is  apparently  not  present  in  the  NiCo  film. 

Magnetoresistance  is  measured  by  the  van  der  Pauw 
method  on  2-cm-diam  films  with  in-plane  H  and  cunent.  As 
listed  in  Table  1,  MR  varies  from  6%  to  9%;  also  listed  are 
Pmaxi  Pmin>  ^^d  A//  and  these  are  obtained  from  resistivity 
field  data  as  marked  in  Fig.  2.  The  MR  (%)  column  is  cal¬ 
culated  from  (p„ax-Pm.n)/Pmin- 

Figure  2  shows  resistivity  and  also  M  vs  H  for  film  (a) 
of  Table  1  and  both  curves  have  the  characteristic  plateau 
found  for  sandwich  films.  A  plateau  represents  some  sort  of 


OVERLAYER 
NiCo  (50A)  M| 

Cu(t) 

NiCo  (50A)  Ma 

'y/Z/Gikss'’//// 

FIG.  1.  Sandwich  film  structure  of  the  NioyCooa  alloy  where  the  overlayer 
is  cither  a  mixed  NiCoO(40  A)  or  bilayer  CoO(50  A)/NiO(50  A). 
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TABLE  I.  Sandwich  fflms  Nio7Gooj(50  A)/Cu(r)/NiCo(50  A)/NiCo  oxide  at'4.2'K. 


Film 

Cu(r) 

(A) 

Oxide 

(A) 

M, 

(emu/cm^) 

Paax 

(pSl  cm) 

Pmin 

Ouftcm) 

Ap 

(/uftcm) 

AH 

(xOe) 

MR 

(%) 

a 

16 

NiCoO 

40 

905 

31.7 

29.0 

2.7 

2.5 

9.3 

b 

20 

40 

876 

28.3 

26.2 

2.1 

2.5 

8.0 

c 

28 

40 

870 

24.7 

23.2 

1.5 

1.5 

6.5 

d 

16 

CoO,  NiO 
50,50 

765 

39.5 

36.6 

2.9 

1.9 

e 

20 

50,50 

828 

27.8 

26.1 

1.7 

6.5 

f 

28 

50,50 

820 

35.5 

32.7 

2.8 

8.6 

Stable  nonparallel  orientation  of  A/j  and  M2.  The  field  region 
A/f  of  extends  not  only  over  the  magnetization  plateau 
but  to  a  portion  of  the  magnetization  curve  where  magnetic 
saturation  takes  place.  We  interpret  this  to  mean  that  only  a 
small  amount  of  unsaturated  magnetization  is  needed  to  ob¬ 
tain  .  Scattering  of  polarized  conduction  electrons  from 
a  disordered  magnetic  layer,  e.g.,  at  an  interface  may  be  as 
important  as  bulk  scattering  within  the  magnetic  layer.  The 
relation  of  the  scattering  mechanism  to  the  magnetic  state  of 
the  sample  is  a  complex  problem. 

Figure  3  shows  the  temperature  dependence  of  and 
Pniin  for  films  (a).  The  difference  i^p=Pm!a~Pmin  becomes 
small  for  r>200  K.  This  temperature  dependence  is  almost 
identical  to  that  found  for  Co/Cu/Co/CoO  films.^  The  tem¬ 
perature  dependence  of  MR  for  films  (a)  and  (d)  are  plotted 
in  Fig.  4.  Film  (d)  which  has  a  bi-layer  CoO/NiO  has  a 
higher  MR  in  the  temperature  range  125  to  250  K  as  com¬ 
pared  to  film  (a).  Possibly  there  is  some  exchange  coupling 
between  the  NiO  and  CoO  to  extend  the  temperature  range. 


AH  specified  and  lower  curve  is  magnetization. 


Interacting  CoO-NiO  superlattices  with  NiFe  have  been  re¬ 
ported  by  Carey  and  Berkowitz.’  The  larger  MR  found  at  4.2 
K  for  film  (a)  may  be  related  to  of  film  (a)  is  10% 

greater  than  of  film  (d). 

A  measure  of  the  exchange  coupling  of  the  antiferromag¬ 
netic  oxide  overlayer  to  A/j  is  given  by  the  width  of  the 
plateau  of  p„,„  (Fig.  2)  as  listed  by  A/f  in  Table  I.  The 
largest  value  of  A/f  for  the  single  layer  oxide  overlayer  is 
about  2500  Oe  as  shown  in  Fig.  2.  This  is,  however,  about 
half  that  observed  for  Co/Cu/Co/CoO  films  where  AW 
*«5000  Oe.®  Figure  5  shows  p  vs  W  for  film  (d)  which  has  a 
CoO/NiO  overlayer.  The  shape  at  4.2  K  makes  it  difficult  to 
specify  AW,  however  it  is  not  larger  than  2500  Oe.  At  higher 
temperatures  the  width  of  the  plateau  narrows  considerably 
even  though  MR  remains  large.  In  Fig.  3  AW  vs  T  for  film 
(a)  is  plotted  which  shows  that  AW  vs  T  decreases  more 
rapidly  than  the  MR  vs  T  decreases.  This  Curie-type  depen¬ 
dence  for  AW  is  similar  to  that  reported  for  Co/CoO.  It  is 
possible  that  the  antiferromagnetism  of  the  CoO  or  NiCoO  is 
decreasing  as  l/J  perhaps  because  the  oxide  is  off  stoichi¬ 
ometry  and  also  amorphous. 

The  magnitude  of  MR  in  the  NiCo  sandwich  is  about  7% 
to  8%  and  M  is  about  800  emu/cm^.  This  compares  with 
15%  to  16%  and  1400  emu/cm^  for  Co  sandwich  films®  thus 
showing  scaling  of  MR  with  M  for  these  two  systems.  At  4.2 


FIG.  3.  Resistivity  as  a  function  of  temperature  for  the  NiCo  sandwich  (a) 
with  Cu(16  A)  and  NiCoO(40  A)  overlayer. 
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FIG.  4.  Temperature  dependence  of  MR  for  the  NiCo  sandwich  (a)  with 
NiCoO(40  A)  overlayer  and  film  (d)  CoO(50  A)/NiO(50  A)  overlayer  both 
with  Cu(16  A).  The  plateau  width  A/f  vs  T  is  shown  for  the  NiCoO  over¬ 
layer  film  (a). 


K,  data  for  the  b,  c,  e,  and  f  films  where  the  Cu  thickness  is 
20  and  28  A  are  quite  similar  to  the  Cu(16  A).  However,  we 
do  not  have  extensive  temperature  measurements  on  b,  c,  e, 
and  f  films. 

III.  SUMMARY 

(a)  Reactively  sputtered  overlayers  of  NiCoO  and  CoO/ 
NiO  are  exchange  coupled  to  Nio  7Coo,3  sandwich  films  and 
cause  nonparallel  magnetic  layers  having  high  resistivity. 

(b)  The  temperature  dependence  of  magnetoresistance 
decreases  faster  for  the  mixed  oxide  NiCoO  overlayer  than 
for  the  bilayer  CoO/NiO. 

(c)  The  exchange  coupling  of  the  oxide  to  the  NiCo  layer 
decreases  as  l/T. 

(d)  The  temperature  dependence  of  MR  and  A//  for  the 
mixed  oxide  overlayer  with  Ni  Co  is  almost  the  same  as 


H  (kOe) 


FIG.  5.  Resistivity  vs  H  for  three  temperatures  for  ”'m  (d)  in  Table  I  which 
has  bilayer  CoO(50  A)/NiO{50  A)  overlayer  and  Cu(16  A). 


found  previously*  for  Co/Cu/Co/CoO  sandwich  films. 

(e)  The  magnitude  of  MR  in  the  NiCo  and  Co  series 
scales  linearly  with  the  value  of  saturation  magnetization  in 
the  two  series. 
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Effect  of  oxygen  incorporation  on  magnetorosistance  in  Co/Cu  muitiiayers 

K.  Kagawa,  H.  Kano,  A.  Okabe,  A.  Suzuki,  and  K.  Hayashi 

Sony  Corporation  Research  Center,  174  Fujitsuka-cho,  Hodogaya-ku,  Yokohama  240,  Japan 

The  background  pressure  dependence  of  magnetoresistance  (MR)  ratio  of  Co/Cu  multilayer  films 
and  the  effect  of  the  Fe  buffer  layer  were  studied.  Secondary  ion  mass  spectrometry  (SIMS) 
measurement  of  the  films  and  in  situ  quadrupole  mass  spectrometry  (QMS)  analysis  in  conjunction 
with  background  pressure  dependence  of  MR  ratio  confirmed  that  the  oxidation  of  Co/Cu  gives  a 
crucial  influence  to  the  giant  magnetoresistance  (GMR)  effect.  The  oxidation  of  Co/Cu  weakens  the 
antiferromagnetic  coupling,  and  results  in  the  low  MR  ratio.  The  Fe  buffer  layer  absorbs  the  residual 
oxygen,  and  this  leads  to  the  incre^tse  of  the  MR  ratio.  The  MR  ratio  of  (Co,  nm/Cui  „m)ioo/Fe2,5  nm 
film  deposited  under  low  background  pressure  and  high  deposition  rate  so  as  to  suppress  oxidation 
reached  over  80%  at  RT  and  160%  at  2  K. 


INTRODUCTION 

The  giant  magnetoresistance  (OMR)  of  the  Co/Cu 
multilayer  has  been  intensively  studied,  from  the  motivation 
of  both  scientific  interest  and  the  application  to  magnetic 
sensors.  But  it  has  not  been  clarified  yet  what  is  the  critically 
important  condition  for  the  GMR  effect,  which  causes  dis¬ 
agreement  among  the  reported  magnetoresistance  (MR) 
ratios. The  analysis  of  the  Fe  buffer  layer  effect  that  is 
known  to  make  a  large  MR  ratio  and  better  reproducibility 
may  provide  clues  to  the  question.  Some  groups  report  that 
an  Fe  buffer  layer  changes  the  texture  of  Co/Cu  and  that  the 
crystalline  orientation  may  play  a  significant  role  for  the 
GMR  effect.^  The  increase  of  the  small-angle  x-ray  diffrac¬ 
tion  peak  intensity  by  the  Fe  buffer  layer  is  also  reported."* 
However,  it  has  not  been  specified  yet  what  is  the  major  role 
of  the  Fe  buffer  layer  for  the  increase  of  the  MR  ratio. 

In  this  work,  we  clarify  that  the  oxidation  of  Co/Cu  has 
a  significant  influence  on  the  MR  ratio  by  investigating  the 
background  pressure  dependence  of  the  MR  ratio.  The  effect 
of  the  Fe  buffer  layer  is  also  explained  on  this  line. 

EXPERIMENTAL  PROCEDURE 

Co/Cu  multilayers  with/without  a  2.5-5-nm-thick  Fe 
buffer  layer  were  prepared  on  water-cooled^  glass  and  Si 
substrates  by  dc  magnetron  sputtering.  Ar  gas  pressure  dur¬ 
ing  sputtering  was  0.5  Pa.  Substrates  were  moved  sequen¬ 
tially  over  each  gun  to  deposit  a  Co  or  Cu  layer  and  the 
deposition  rate  was  around  2.3  nm/s.  The  background  pres¬ 
sure  before  deposition  was  varied  from  9  X  10“"*  to  5  X 
10"^  Pa.  The  atmosphere  during  deposition  was  monitored 
by  quadrupole  mass  spectrometry  (QMS).  The  magnetic 
properties  of  Co/Cu  multilayers  were  measured  with  a 
vibrating-sample  magnetometer  (VSM)  at  RT.  The  crystal¬ 
line  orientations  of  Co/Cu  multilayers  were  investigated  by 
x-ray  diffraction  (XRD)  with  CuXa  radiation.  The  MR  mea¬ 
surements  were  made  by  the  dc  four-terminal  method  at  RT 
and  2  K  with  the  maximum  magnetic  field  of  15  kOe. 
Sample  size  was  5  X  25  mm^.  The  oxygen  content  of  Co/Cu 
multilayers  were  investigated  by  secondary  ion  mass  spec¬ 
trometry  (SIMS).  The  oxygen  content  was  estimated  as  the 
relative  oxygen  ion  intensity  to  the  Cu  ion  intensity  of  the 
film,  assuming  the  Cu  content  to  be  constant  specified 
otherwise. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  background  pressure  dependence  of 
the  MR  ratio  of  (Coj  nm/Cu,  nni)ioo  multilayers  with/without 
a  5-nm-thick  Fe  buffer  layer.  TTie  MR  ratio  of  Co/Cu  be¬ 
comes  drastically  larger  as  the  background  pressure  is  de¬ 
creased  below  10“^  Pa  and  then  appears  to  saturate  around 
lO""*  Pa.  The  Fe  buffer  layer  works  to  increase  the  MR  ratio, 
but  the  effect  is  relatively  small  for  lower  background  pres¬ 
sure.  The  Fe  buffer  layered  film  shows  six  times  larger  MR 
ratio  than  film  without  a  buffer  for  high  background  pressure 
(8.9  X  10""*  Pa),  while  the  increase  of  MR  ratio  by  Fe  buffer 
layer  is  only  2%-3%  for  low  background  pressure  (1.8  X 
10“"*  Pa).  Figure  2  reveals  the  background  pressure  depen¬ 
dence  of  the  x-ray  diffraction  intensity  ratio 
W(^in+^20o)  of  (Coj  „JCu,  „Jioo  of  multilayers  with/ 
without  a  5-nm-thick  Fe  buffer  layer.  The  Fe  buffer  layer 
changes  the  texture  of  Co/Cu  from  (111)  to  (200)  almost 
equally  for  the  whole  range  of  the  background  pressure. 
Therefore,  the  effect  of  texture  change  cannot  account  for  the 
smaller  increase  of  MR  ratio  by  the  Fe  buffer  layer  for  low 
background  pressure  (1.8  x  lO”"*  Pa).  The  MR  ratio  of 
Co/Cu  appears  to  depend  simply  on  background  pressure. 


FIG.  1.  Background  pressure  dependence  of  the  MR  ratio  of 
(Co,  aa/CU|  nn)ioo  with/without  an  Fe  buffer  layer  at  RT. 
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background  pressure  (Pa) 

FIG.  2.  Background  pressure  dependence  of  the  x-ray  diffraction  intensity 
ratio /2oo/(fui+f  200)  of(Coi  „jCui  „J|oo  with/without  an  Fe  buffer  layer. 


rather  than  texture  of  the  film.  The  background  pressure  is 
expected  to  have  a  direct  relationship  with  the  oxygen  con¬ 
tent  of  the  film. 

The  relative  oxygen  ion  intensity  of  Co/Cu  multilayers 
measured  by  SIMS  are  shown  in  Fig.  3.  The  film  deposition 
under  low  background  pressure  lowers  the  oxygen  content  of 
Co/Cu  multilayers.  The  Fe  buffer  layered  film  has  low  oxy¬ 
gen  content  compared  to  the  film  without  a  buffer  deposited 
under  the  same  background  pressure.  The  low  oxygen  con¬ 
tent  is  shown  to  be  necessary  to  cause  the  large  MR  change. 
The  Fe  buffer  layer  effect  for  the  increase  of  MR  ratio  is 
attributed  to  reducing  the  oxygen  content  of  the  Co/Cu  mul¬ 
tilayers. 

The  oxidation  of  the  film  during  deposition  is  monitored 
by  in  situ  QMS  analysis.  As  it  is  well-known  that  residual 
HjO  decomposes  to  O2  and  H2  by  sputtering,  we  paid  atten¬ 
tion  to  O2  and  H2  partial  pressure.  Figures  4(a),  4(b),  and 
4(c)  illustrate  the  change  of  residual  gas  partial  pressure  dur- 


etching  time  (sec) 

FIG.  3.  Relative  ion  intensity  of  oxygen  of  (Co,  om/Cu,  to,),oo  films  with 
background  pressure  Pt=8.9  X  10“^  Pa,  8.9  X  10"^  Pa  with  an  Fe  buffer 
layer,  and  6  X  lO"’  Pa. 
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FIG.  4.  Change  of  residual  gas  partial  pressure  during  deposition  of  (a) 
(Co,  nn/CUl  nJioo  with  background  pressure  7*^=6  X  10"’  Pa,  (b)  4.5  X 
10'^  Pa,  and  (c)  4.5  X  10"^  Pa  with  an  Fe  buffer  layer. 


ing  deposition  of  Co/Cu  multilayers  with  low  background 
pressure  (6  X  10~^  Pa),  with  high  background  pressure  (4.5 
X  10"'*  Pa),  and  with  high  background  pressure  (4.5  X  lO"* 
Pa)  with  an  Fe  buffer  layer.  The  H2  partial  pressure  increases 
during  sputtering,  while  O2  partial  pressure  does  not  in¬ 
crease.  That  implies  O2  formed  by  decomposition  of  H2O  is 
absorbed  concurrently  in  the  growing  film.  Therefore,  the 
increase  of  the  H2  partial  pressure  APh^  during  sputtering  is 
the  measure  of  the  oxidation  of  the  film.  The  high  peak  of  H2 
partial  pressure  at  the  beginning  of  Co/C^i  deposition  also 
implies  the  severe  oxidation  of  the  growing  film.  The  depo¬ 
sition  under  low  background  pressure  reduces  both  APh^ 
and  the  peak  height  at  thd  beginning  of  Co/Cu.  The  oxidation 
of  the  Co/Cu  during  deposition  is  confirmed  to  influence  the 
MR  ratio  significantly.  The  deposition  of  an  Fe  buffer  layer 
also  lowers  APh^  and  the  peak  height.  The  sputtered  Fe 
buffer  layer  is  thought  to  lower  the  effective  background 
pressure  as  an  oxygen  absorber.  This  is  consistent  with  the 
smaller  Fe  buffer  layer  effect  to  increase  the  MR  ratio  for 
lower  background  pressure.  The  major  role  of  the  Fe  buffer 
layer  for  the  increase  of  MR  ratio  is  to  absorb  the  residual 
oxygen  and  to  suppress  oxidation  of  Co/Cu  multilayers 
rather  than  texture  change. 

The  change  of  magnetization  behavior  as  the  back¬ 
ground  pressure  changes  is  measured.  Figure  5  shows  the 
M-H  loops  of  Co/Cu  multilayer  films  grown  at  various 
background  pressure.  The  antiparallel  spin  alignment  of  the 
neighboring  Co  layers  is  responsible  for  the  spin-dependent 
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applied  field  (kOe) 


FIG.  5.  M-H  loop  of  (Coi  aJCui  ^)ioo  with  background  pressure  F(,=8.9 
X  10“'  Pa,  4.5  X  10“'  Pa,  and  6  X  10'^  Pa. 

scattering  at  the  interfaces  between  Co  and  Cu.  The  antifer¬ 
romagnetic  (AFM)  coupling  reduces  the  remanent  magneti¬ 
zation,  and  increases  the  saturation  field.  The  saturation  field 
becomes  smaller  and  the  remanent  magnetization  increases 
for  higher  background  pressure.  The  oxidation  of  the  inter¬ 
faces  between  Co  and  Cu  makes  the  antifenomagnetic 
(AFM)  coupling  incomplete.  As  is  reported  in  the  case  of 
FeNi/FeMn,  the  suppression  of  oxidation  of  the  interfaces 
between  Co  and  Cu  is  indispensable  to  strengthen  the  AFM 
coupling. 

It  becomes  clear  that  the  suppression  of  Co/Cu  oxidation 
during  deposition  is  a  significant  condition  to  cause  large 
MR  ratio.  The  film  deposition  under  lower  background 
pressure,  with  an  Fe  buffer  layer  are  effective  to  prevent 
oxidation.  Figure  6  shows  the  MR  curve  for 
(Coi  nJCui  nm)i0(/Fe2.5  nm  Aim  deposited  with  5  X  10"*  Pa 
background  pressure.  The  film  exhibits  an  MR  ratio  of  over 
80%  at  RT  and  160%  at  2  K. 

CONCLUSIONS 

The  effect  of  oxidation  of  Co/Cu  was  studied.  The  MR 
ratio  is  greatly  improved  by  suppression  of  oxidation.  The 
oxidation  of  the  Co/Cu,  especially  the  oxidation  of  the  inter¬ 
faces  between  Co  and  Cu,  makes  the  antiferromagnetic  cou¬ 
pling  weaker,  and  that  reduces  the  MR  change.  Tlie  Fe  buffer 
layer  effect  for  the  large  MR  ratio  was  confirmed  to  be  the 
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FIG.  6.  MR  change  of  (Coj  „m/Cui  „m)ioo^e2s  „„  with  5  X  10"*-Pa  back¬ 
ground  pressure. 

residual  oxygen  absorption  and  lowering  the  oxygen  content 
of  Co/Cu,  rather  than  texture  change.  The  film  deposition 
under  low  background  pressure  and  the  Fe  buffer  layer  were 
confirmed  to  be  effective  to  prevent  oxidation.  The  differ¬ 
ence  of  oxidation  degree  is  thought  to  be  one  reason  of  the 
disagreement  among  the  reported  MR  ratio.  The  MR  ratio  of 
(Coi  nn/Cui  nm)i0(/F®2.5  nm  A*"™  increased  to  a  high  of  over 
80%  at  RT  and  160%  at  2  K  by  careful  suppression  of  Co/Cu 
oxidation. 
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Giant  magnetoresistance  in  eiectrodeposited  Co-Ni-Cu/Cu  superiattices 
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and  W.  Schwarzacher*^^ 
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We  have  eiectrodeposited  a  series  of  Co-Ni-Cu/Cu  superiattices  in  which  the  Cu  layer  thickness 
was  varied  between  7  and  35  A  and  the  Co-Ni-Cu  alloy  layer  thickness  held  constant.  “Giant 
magnetoresistance”  was  observed  for  all  films,  with  the  magnitude  of  the  effect  decreasing  with 
increasing  Cu  spacer  layer  thickness. 


Giant  magnetoresistance  (GMR)  is  one  of  the  most  in¬ 
teresting  properties  exhibited  by  magnetically  inhomoge¬ 
neous  systems.  It  was  first  observed  in  Fe/Cr  superiattices 
with  antiferromagnetic  coupling  between  adjacent  Fe  layers* 
and  subsequently  found  in  other  metal/metal  multilayers  with 
or  without  antiferromagnetic  coupling.^^  Even  single-layer 
heterogeneous  alloy  films  can  show  GMR  providing  the 
magnetization  varies  on  a  length  scale  comparable  to  the 
conduction  electron  mean  free  path.'* 

Multilayers  and  single-layer  heterogeneous  alloy  films 
have  different  perceived  strengths  with  regard  to  possible 
technological  applications  of  GMR.  The  alloy  films  are  rea¬ 
sonably  straightforward  to  fabricate,  but  the  large  fields  gen¬ 
erally  required  for  such  films  to  show  a  significant  change  in 
resistance  make  them  less  attractive  than  multilayers  for  use 
as  magnetic  field  sensors.  Most  GMR  multilayers,  however, 
require  a  vacuum  system  (with  the  all  the  attendant  cost  and 
complexity)  for  their  fabrication. 

Recently  we  reported  the  first  evidence  for  GMR  in 
metal/metal  superiattices  grown  by  electrodeposition.^  This 
process  has  the  obvious  advantage  over  techniques  such  as 
sputtering  or  molecular-beam  epitaxy  (MBE)  that  it  does  not 
require  a  vacuum  system,  and  yei  is  still  able  to  give  clean 
multilayer  fihi.s.*  In  this  paper  we  present  more  detailed  data 
on  the  Cu  thickness  dependence  of  GMR  in  eiectrodeposited 
Co-Ni-Cu/Cu  superiattices. 

Our  films  are  grown  from  a  sulfamate  electrolyte  in  a 
cell  with  a  standard  three-electrode  configuration  using  a 
process  similar  to  that  described  by  Lashmore  et  al?  Depo¬ 
sition  was  carried  out  with  the  electrolyte  at  30±  1  °C  and 
pH=2.0±0.1.  The  electrolyte  contains  Co^^,  Ni^^,  and 
Cu^^  ions  and  we  can  alter  the  composition  of  the  eiectrode¬ 
posited  metal  by  controlling  the  cathode  (substrate)  potential. 
For  example,  when  the  cathode  potential  is  -0.15  V  relative 
to  the  saturated  calomel  reference  electrode  only  Cu  will  be 
deposited,  but  when  the  cathode  is  at  -1.8  V  all  three  metals 
will  be  deposited  to  give  a  ferromagnetic  Co-Ni-Cu  alloy. 
Hence  we  can  grow  a  Co-Ni-Cu/Cu  superlattice  by  switch¬ 
ing  between  these  two  potentials.  A  computer  is  used  to 
monitor  the  deposition  current,  and  switches  from  one  poten¬ 
tial  to  the  other  when  the  charge  passed  reaches  the  value 
corre.sponding  to  the  desired  layer  thickness 

The  films  used  in  this  study  were  grown  on  (100)  tex¬ 
tured  polycrystalline  Cu  plates  and  mounted  on  glass  after 
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their  Cu  substrates  were  dissolved  away  by  means  of  a 
chromic/sulfuric  acid  selective  electrochemical  etch.  This 
was  done  to  prevent  the  highly  conductive  substrates  from 
short-circuiting  the  superlattice  during  transport  measure¬ 
ments. 

After  growth,  x-ray  diffraction  was  used  to  measure  the 
repeat  distances  A  of  our  superiattices,  while  their  composi¬ 
tions  were  measured  using  an  electron  probe  fitted  with 
wavelength  dispersive  x-ray  spectrometers,  as  described  in  a 
previous  paper.^  Some  superiattices  were  measured  by  syn¬ 
chrotron  radiation  x-ray  fluorescence  analysis  using  beam 
line  3  on  the  storage  ring  VEPP-3  at  the  Institute  of  Nuclear 
Physics,  Novosibirsk  to  determine  the  mass  of  Co,  Ni,  and 
Cu  per  unit  area  of  film,  and  the  compositions  determined  by 
this  technique  and  using  the  electron  probe  agree  quite  well. 
The  compositional  measurements  enable  us  to  conclude  that 
the  ratio  of  Co  to  Ni  in  the  ferromagnetic  layers  is  between 
3.6:1  and  3.8:1,  while  the  Cu  content  of  these  layers  could  be 
as  high  as  25  at.  %.^  From  the  mass  of  each  metal  per  unit 
area  of  the  film  (j;=Co,  Ni,  Cu)  and  its  bulk  density  it 
is  also  possible  to  calculate  the  equivalent  thickness  of  that 
metal  t,^=mjp^,  and  hence  the  superlattice  repeat  distance 
where  N  is  the  number  of  repeats  in 
the  superlattice.  Values  of  A  obtained  by  this  method  and  by 
x-ray  diffraction  agree  to  within  —15%. 

To  measure  the  magnetoresistance,  point-like  pressure 
contacts  are  applied  to  the  corners  of  a  square  of  film  as 
shown  in  Fig.  1  (van  der  Pauw  geometry*)  and  the  in-plane 
applied  magnetic  field  varied  between  -8  and  8  kOe  (the 
maximum  field  available  from  our  electromagnet).  R1234  is 
defined  as  the  potential  difference  ^4-^3  between  contact  4 


Contact  1  Contact  2 

I® - 


® _ fl 

Contact  4  Contact  3 


Direction  of  applied  magnetic  field 

FIG.  1.  Experimental  geometry  used  for  magnetoresistance  measurements. 
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FIG.  2.  Normalized  magnetoresistances  measured  at  room  temperature  for 
an  electrodeposited  superlattice  consisting  of  81  repeats  of  Co-Ni-Cu  (~20 
A)/Cu  (~7  A).  The  resistance  (a)  is  defined  as  the  potential  difference 
V4-V3  between  contact  4  and  contact  3  per  unit  current  flowing  from 
contact  1  to  contact  2,  while  R^^i  (b)  is  defined  analogously.  The  positions 
of  the  contacts  are  shown  in  Fig.  1. 11,2,34  is  predominantly  a  measure  of  the 
longitudinal  magnetoresistance  (current  parallel  to  field)  while  l?2).4t 
dominantly  a  measure  of  the  transverse  magnetoresistance  (current  perpen¬ 
dicular  to  field). 


and  contact  3  per  unit  current  flowing  from  contact  1  to 
contact  2,  and  ^23,41  's  defined  analogously,  12,34  is  pre¬ 
dominantly  a  measure  of  the  longitudinal  magnetoresistance 
(current  parallel  to  field)  while  i?23.4i  ‘s  predominantly  a 
measure  of  the  transverse  magnetoresistance  (cunent  perpen¬ 
dicular  to  field). 

Figures  2(a)  and  2(b)  show  the  results  of  such  a  mea¬ 
surement  at  room  temperature  on  a  superlattice  consisting  of 
81  repeats  of  Cc-Ni-Cu  (~20  A)/Cu  (~7  A).  The  size  of 
the  effect  and  the  fact  that  both  the  “longitudinal”  (/?  12.34) 
and  the  “transverse”  (/?23,4i)  magnetoresistance  decrease 
when  the  magnitude  of  the  applied  field  is  increased  show 
that  we  have  observed  GMR.  Anisotropic  magnetoresistance 
(AMR)  of  the  kind  observed  in  bulk  alloys  of  the  3d  transi¬ 
tion  metals®  also  appears  to  make  a  significant  contribution 
to  the  observed  magnetoresistance,  since  the  percentage 
change  in  /?  12,34  is  rather  less  than  the  percentage  change  in 
^?3.4i — AMR  generally  causes  the  longitudinal  magnetore¬ 
sistance  to  increase  and  the  transverse  magnetoresistance  to 
decrease  with  increasing  applied  field. 

Figure  3  shows  the  variation  of  percentage  change  in 
/( 12,34  and  ^23,41  a  function  of  the  nominal  Cu  layer  thick¬ 
ness  (the  Cu  layer  thickness  calculated  from  the  charge 
passed  during  deposition  of  each  layer)  for  a  series  of  super¬ 
lattices  with  constant  nominal  Co-Ni-Cu  thickness.  The 
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FIG.  3.  Percentage  change  in  Ri2^  (“longitudinal”  magnetoresistance:  ( ♦) 
and  23,41  (“transverse”  magnetoresistance:  (0)  for  a  series  of  electrode- 
posited  Q)-Ni-Cu/Cu  superlattices  with  constant  nominal  Co-Ni-Cu 
thickness  and  total  thickness  ~0.3  fun.  The  percentage  change  in  R  is 
calculated  as  [(/?„„-ft(8  kOe))«(8  kOe)]XlOo. 


true  layer  thickness  is  given  by  the  product  of  the  nominal 
layer  thickness  and  the  current  efficiency',  which  is  expected 
to  be  close  to  100%  for  Cu.  In  each  case  the  percentage 
change  in  R  was  calculated  as  [(Rn,a,^/?(8kOe))//?(8  kOe)] 
X 100,  and  since  our  maximum  field  of  8  kOe  was  insuffi¬ 
cient  to  saturate  the  magnetoresistance  (see  Fig.  2),  larger 
percentage  changes  in  the  magnetoresigtance  would  be  pos¬ 
sible  at  higher  fields. 

A  number  of  points  of  interest  are  apparent  from  Fig.  3. 
Firstly,  the  percentage  change  in  is  consistently  less 
than  in  R23,4i>  implying  a  contribution  from  AMR  in  the 
observed  magnetoresistance  for  all  filnfts.  Second,  the  per¬ 
centage  change  in  magnetoresistance  decreases  with  increas¬ 
ing  Cu  layer  thickness,  which  is  expected  since  increasing 
the  Cu  spacer  thickness  decreases  the  probability  of  the  spin- 
conserving  transmission  of  conduction  electrons  between 
two  ferromagnetic  layers  required  for  GMR.'®  Third,  al¬ 
though  additional  data  points  would  be  required  to  rule  out 
the  possibility,  there  is  no  obvious  evidence  of  oscillations  in 
the  GMR  as  might  be  expected  if  it  Were  due  to  oscillatory 
magnetic  exchange  coupling."  Such  oscillations  have  been 
seen  for  sputtered  Co-Ni/Cu  superlattices.'^  Even  so,  the 
GMR  in  our  samples  may  well  be  due  to  an  antiferromag¬ 
netic  exchange  interaction,  given  the  large  applied  fields  re¬ 
quired  to  saturate  the  magnetoresistance,  although  a  large 
remanence  at  zero  applied  magnetic  field  measured  using  a 
vibrating-sample  magnetometer  (VSM)  implies  that  only 
parts  of  the  superlattice  are  so  coupled,  The  lack  of  oscil¬ 
lations  could  be  due  to  fluctuations  in  tlxe  spacer  layer  thick¬ 
ness  which  damp  them  out,  though  this  point  requires  further 
investigation. 

To  summarize,  we  have  grown  a  series  of  electrodepos¬ 
ited  Co-Ni-Cu/(2u  superlattices  and  cfiaracterized  them  by 
x-ray  diffraction,  electron  probe  microanalysis,  and  x-ray 
fluorescence  analysis.  The  magnetoresistance  contains  both 
an  AMR  and  a  GMR  component  and  its  magnitude  decreases 
with  increasing  Cu  spacer  layer  thickness. 
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Results  for  the  temperature  and  magnetic-field  dependence  of  melt-spun  Cug7Coi3  are  presented  and 
discussed.  The  magnetoresistance  of  the  as-spun  sample  exhibits  superparamagnetic  behavior  with 
a  magnetoresistance  of  18%  at  0.4  K  and  in  a  field  of  80  kOe.  The  magnetic-field  dependence  of  the 
magnetoresistance  is  approximately  proportional  to  the  Langevin  function.  The  microstructure  of 
the  sample  was  investigated  by  transmission  electron  microscopy  and  it  appears  that  the  giant 
magnetoresistance  is  due  to  the  presence  of  small  Co  precipitates  with  an  approximate  mean 
diameter  of  12  A  and  a  mean  separation  of  35  A. 


The  magnetoresistance  (MR)  of  magnetic  materials  has 
become  a  subject  of  much  interest  since  the  discovery  of 
giant  magnetoresistance  (GMR)  in  magnetic  multilayers.*’^  It 
has  .ecently  been  found  that  GMR  is  also  a  property  of  mag¬ 
netic  granular  sputtered  films.^’'*  When  the  randomly  oriented 
magnetic  moments  of  granules  are  aligned  by  an  external 
magnetic  field,  the  resistivity  of  the  film  decreases 
dramatically — by  as  much  as  75%  in  the  case  of  CoAg.^  The 
microstructure  of  these  films  is  complex,  but  all  samples  ap¬ 
pear  to  have  three  things  in  common:  (i)  a  nonmagneiic  or 
spin-glass  matrix;  (ii)  large  precipitates  of  the  magnetic  cle¬ 
ment  typically  200  A  in  diameter  or  larger;  (iii)  smaller  pre¬ 
cipitates  of  less  than  50  A  in  diameter.  At  present  it  is  not 
clear  what  the  relative  importance  is  of  these  three  features 
determining  the  magnetic  properties  of  these  films. 

We  have  studied  Cuji7Coi3  produced  by  rapidly  quench¬ 
ing  the  molten  alloy  using  a  melt-spinning  technique.  Most 
studies  on  GMR  in  granular  systems  have  been  based  on 
sputtered  samples^’'*  although  a  few  groups  are  now  working 
on  melt-spun  samples,  also.®’’  The  alloy  ingots  were  pro¬ 
duced  by  arc  melting  99.99%  Co  and  99.999%  Cu  in  an 
argon  arc  furnace.  Rapidly  quenched  ribbons  were  produced 
by  means  of  a  single  copper  rimmed  wheel  in  yj.5  atm  of 
helium  gas.  Part  of  the  ribbon  was  used  to  measure  the  tem¬ 
perature  and  magnetic-field  dependence  of  the  resistance  and 
part  of  the  ribbon  was  thinned  using  a  concentrated  acid 
solution  for  transmission  electron  microscopy  (TEM)  stud¬ 
ies.  The  TEM  studies  were  carried  out  using  a  JEOL  CX  at 
200  kV. 

In  Figs.  1(a)  and  1(b)  we  show  the  TEM  micrograph  of 
the  sample  in  bright  and  dark  field.  The  grain  size  of  the  Cu 
matrix  is  about  I  pm  and  within  the  grain  there  are  “large” 
Co  precipitates  of  between  150  and  500  A.  In  Fig.  1(c)  we 
show  the  diffraction  pattern.  This  shows  spots  consistent 
with  the  Cu  matrix  and  twinned  fee  Co  precipitates,  but  most 
important  we  see  a  diffuse  ring  due  to  the  presence  of  a  high 
density  of  “small”  Co  precipitates.  In  Fig.  1(d)  we  show  a 
micrograph  highlighting  the  twinned  structure  within  the 
large  Co  precipitates.  In  Fig.  1(e)  we  show  a  dark-field  mi¬ 
crograph  from  the  diffuse  ring  showing  a  large  number  of  Co 
precipitates  with  a  mean  diameter  of  about  12  A  and  spacing 
of  about  35  A.  Parkin  et  al.^  has  observed  similar  results 


using  small-angle  neutron  diffraction  to  determine  the  par¬ 
ticle  size  distribution. 

In  Fig.  2  we  show  the  magnetoresistance  of  the  sample 
at  various  temperatures  between  2  and  150  K.  The  maximum 
magnetoresistance  is  18%  at  0.4  K  at  80  kOe,  however,  it  is 
clear  that  at  all  temperatures  the  MR  is  not  saturating.  The 
MR  decrea.ses  as  the  temperature  rises  and  is  only  2%  at 
room  temperature.  In  Fig.  3  we  show  the  temperature  depen¬ 
dence  of  the  resistivity  of  the  sample  in  zero  field  and  in  a  60 
kOe  field.  The  data  in  a  field  was  the  same  whether  the 
sample  was  zero-field  cooled  or  field  cooled. 


FIG.  1.  (a)  IBM  micrograph  showing  the  Cu-based  matrix  with  large  Co 
precipitates,  (b)  Dark-field  TEM  micrograph  of  the  same  area  as  in  (a),  (c) 
Diffraction  pattern  of  image  in  (a)  (d)  Larger  magnification  micrograph 
showing  the  twinning  of  the  large  Co  precipitates,  (e)  TEM  micrograph  in 
dark  field  from  the  diffuse  ring  showing  the  small,  15  A  Co  precipitates 
from  the  diffuse  ring  in  the  diffraction  pattern. 
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FIG.  2.  The  magnetoresistance  of  the  sample  at  various  temperatures.  The 
solid  lines  are  fits  to  the  data  assuming  Aplpo<^L{a).  For  clarity  the  fits  are 
only  shown  for  2,  50,  and  150  K. 


It  appears  that  the  magnetoresistance  is  due  to  the  pres¬ 
ence  of  the  small  15  A  Co  particles,  and  that  these  are 
superparamagnetic.'*  If  we  assume  that  the  electron  scattering 
probability  is  linearly  dependent  on  the  correlation  of  the 
magnetic  moments  of  adjacent  magnetic  particles,  then  the 
magnetoresistance  will  be  proportional  to  the  square  of  the 
magnetization.’  Hence,  the  resistivity  would  be  proportional 
to  the  square  of  the  Langevin  function  L(a),  where 
a=/iHlkBT  and  fi  is  a  measure  of  the  magnitude  of  the 
moment  on  a  particle.  This  assumes  that  the  magnetic  mo¬ 
ments  on  each  particle  are  uncorrelated.  However,  we  find 
that  we  cannot  fit  MR  data  to  the  square  of  the  Langevin 
function:  The  MR  at  low  fields  is  very  close  to  being  propor¬ 
tional  to  \H\.  The  first  point  to  be  concerned  with  is  the  fact 
that  if  the  MR  is  proportional  to  the  modulus  of  H  at  low 


Temperature  (K) 


FIG.  3.  The  temperature  dependence  of  the  resistivity  of  the  sample  in  zero 
field  and  in  a  60  kOe  magnetic  field. 


fields  then  there  will  be  a  nondifferentiable  point  at  i/=0. 
This  is  not  actually  a  problem;  all  that  is  required  of  the  MR 
is  that  it  is  an  even  function  of  H  and  is  continuous.  In  Fig. 
2  we  show  a  fit  to  the  data  using  AplpQ’^L{a). 

The  reason  the  magnetoresistance  is  proportional  to  the 
Langevin  function  and  not  the  square  of  the  Langevin  func¬ 
tion  is  not  clear.  The  result  that  the  MR  should  be  propor¬ 
tional  to  the  square  of  the  Langevin  function  is  only  strictly 
correct  if  the  moments  on  the  Co  particles  are  uncorrelated. 
However,  there  are  a  number  of  ways  they  could  become 
correlated:  (i)  the  moments  on  the  large  “200  A”  Co  par¬ 
ticles  will  saturate  at  quite  a  low  field  and  then  the  small 
superparamagnetic  particles  will  interact  with  the  field  pro¬ 
duced  by  the  larger  particles;  (ii)  the  small  particles  may 
have  a  significant  shape  anisotropy  which  is  oriented  along 
the  length  of  the  ribbon;  (iii)  there  may  be  some  residual 
coupling  between  the  particles. 

A  serious  problem  with  our  understanding  of  the  field 
dependence  of  the  magnetoresistance  is  that  the  value-  jf  p, 
extracted  from  the  fits  are  temperature  depende  arying 
from  approximately  1  to  50  pg  as  the  temperature  is  raised 
from  0.4  to  200  K  for  the  sample.  Interestingly,  Barlett 
et  have  argued  that  the  MR  in  multilayer  samples  is  also 
described  by  the  Langevin  function,  although  it  is  difficult  to 
see  what  is  the  origin  of  the  paramagnetic  spins,  but  there  is 
a  similar  problem  with  a  temperature  dependent  p.  Such  a 
temperature-dependent  p  is  not  physically  correct  and  this 
problem  needs  to  be  addressed  for  granular  magnetic 
samples.  However,  the  temperature  dependence  of  the  effec¬ 
tive  magnetic  moment  on  a  Co  particle  can  be  understood  if 
we  consider  the  possibMity  of  coupling  between  the  Co  par¬ 
ticles.  Of  course,  the  distance  between  the  particles  is  of  the 
right  magnitude  that  there  could  be  a  residual  antiferromag¬ 
netic  average  coupling  between  the  particles.  The  possibility 
is  being  explored  in  depth  at  the  moment. 

We  are  grateful  to  the  British  Council  and  the  Overseas 
Development  Agency  for  partial  funding  of  this  project. 
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Evidence  is  given  of  a  strong  dependence  of  magnetoresistance  on  temperature  in  Co/Ru 
sandwiches.  This  dependence  while  weak  for  thin  Ru  layers  is  much  stronger  for  thicker  Ru  layers. 
In  fact,  three  oscillations  in  saturation  magnetoresistance  and  saturation  field  as  a  function  of  the 
thickness  of  the  Ru  layer  fRu  are  observed  at  4.2  K  while  only  one  oscillation  is  found  at  300  K.  In 
addition,  for  thin  Ru  layers,  tRu<ll  K  the  saturation  magnetoresistance  is  found  to  decrease 
between  4.2  and  300  K.  In  contrast,  fo*-  Ru  thickness  in  the  range  11  A<iRu<14  A,  the  behavior  is 
reversed,  leading  to  the  increase  of  the  magnetoresistance  at  300  K.  This  behavior  is  attributed  to  the 
spin  disorder  occurring  at  the  interfaces  at  room  temperature.  Finally,  for  tRu>14  A  the 
magnetoresistance  completely  vanishes  at  300  K  while  a  relatively  high  value  is  still  observed  for 
large  Ru  thickness,  tRu=80  A,  at  4.2  K.  This  indicates  that  the  mean  free  path  of  the  conduction 
electrons  in  the  Ru  layer  is  strongly  reduced  from  about  100  A  at  4.2  K  to  approximately  14  A  at 
room  temperature. 


The  study  of  magnetic  layered  systems  consisting  of  fer¬ 
romagnetic  layers  separated  by  a  nonmagnetic  interlayer  has 
resulted  in  the  discovery  of  a  variety  of  fascinating 
phenomena.*  In  particular,  reports  of  giant  magnetoresistance 
(GMR)  in  Fe/Cr  multilayers^  have  attracted  great  interest  for 
fundamental  physics  as  well  as  applications.  The  magnetore¬ 
sistance  (MR)  has  been  found  to  be  strongly  dependent  on 
the  temperature,  however  the  comprehension  of  this  aspect 
remains  still  lacking.  The  decrease  of  MR  with  temperature 
has  been  recently  reported  and  usually  explained  by  a  de¬ 
crease  of  the  mean  free  path  of  the  electrons  in  the  nonmag¬ 
netic  layers.^  Moreover,  Parkin'*  has  shown  that  the  variation 
of  the  MR  with  temperature  is  strongly  enhanced  when  the 
spacer  layer  thickness  increases,  suggesting  that  the  main 
contribution  to  the  MR  comes  from  spin  diffusion  within  the 
nonmagnetic  layer. 

Co/Ru  sandwiches  were  grown  by  UHV  evaporation 
onto  mica  substrate.  A  150-A-thick  epitaxial  Ru  buffer  layer 
was  giown  onto  this  substrate  at  600  °C  in  order  to  provide  a 
smooth  and  clean  single-crystalline  surface.  After  cooling  the 
substrate  to  120  "C,  Co  and  Ru  layers  were  subsequently 
grown  and  covered  by  100  A  Ru  (upper  layer)  to  protect  the 
sample  against  oxidation.  For  this  study,  a  series  of  samples 
was  prepared  with  fixed  Co  thickness  rco=32  A  and  varied 
Ru  thicknesses  from  5  to  80  A.  In  the  following,  we  refer  to 
the  nomenclature  (Co^RUy),,  superlattice,  where  x  and  y  in¬ 
dicate  the  thicknesses  in  A  of  Co  and  Ru  sublayers  and  n  the 
number  of  periods  in  which  n  =  2  corresponds  to  sandwiches. 
The  reflection  high-energy  electron-diffraction  (RHEED) 
patterns  obtained  during  the  samples’  growth  reveal  high 
crystalline  quality  with  a  (0001)  hep  stacking  of  the  Co  and 
Ru  layers.^  For  this  series  of  samples  in  which  tco~32  A,  the 
magnetization  lies  along  the  film  plane  as  reported  in  previ¬ 
ous  work.® 

The  resistance  was  measured  using  the  conventional 
four-point  method,  at  liquid-helium  temperature,  with  the  ex¬ 
ternal  magnetic  field  applied  along  the  film  plane  and  parallel 
to  the  electric  current  direction.  The  magnetoresistance  ratio 
A/?//f  was  defined  as  the  ratio  of  the  total  resistivity  change 
A/?  to  the  resistivity  at  zero  field.  All  MR  curves  were  cor¬ 


rected  for  the  classical  parabolic  magnetoresistance. 

Figure  1  shows  the  MR  curves  obtained  at  4.2  and  300  K 
for  the  strongly  antiferromagnetically  coupled  sample 
(Co32Ru5)2.  For  these  two  curves  the  maximum  of  resistance 
is  observed  at  zero  field,  when  the  magnetizations  of  the  two 
Co  layers  are  antiparallelly  aligned.  The  resistance  decreases 
as  the  magnetic  field  increases  and  becomes  constant  when 
the  applied  field  is  sufficient  to  overcome  the  antiferromag¬ 
netic  (AFM)  exchange  coupling  and  to  align  the  adjacent 
magnetizations  in  its  direction.  For  the  curve  measured  at 
room  temperature,  we  observe  a  shoulder  at  500  Oe  which  is 
clearly  explained  by  the  anisotropic  magnetoresistance 
(AMR)  effect.’  This  anisotropic  contribution  of  the  MR  was 
also  deserved  for  all  sandwiches  and  was  taken  into  account 
for  a  precise  determination  of  the  spin-valve  MR.  The  most 
interesting  result  is  the  temperature  effect  observed  in  this 
figure.  In  this  sample,  both  MR  and  saturation  field  ob¬ 
tained  at  4.2  K  {MIR=036%  and  //j=30  kOe)  are  much 
larger  than  those  found  at  300  K  (AR/R  =  0.11%  and 
//j=20  kOe).  This  result  indicates  that  the  AFM  exchange 


FIG.  1.  Magnetorcsistance  curves  of  a  (Co32Ru5)2  sandwich  with  the  applied 
magnetic  field  along  the  film  plane  and  parallel  to  the  cunent,  respectively, 
at  4.2  K  (dashed  line)  and  300  K  (solid  line). 
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FIG.  2.  Magnetoresistance  curves  of  a  (Co32Ru,2)2  sandwich  with  the  ap¬ 
plied  magnetic  field  along  the  film  plane  and  parallel  to  the  cuncnt,  respec¬ 
tively,  at  4.2  K  (dashed  line)  and  300  K  (solid  line). 


coupling  strength  decreases  as  the  temperature  increases. 
Its  magnitude  is  related  to  the  saturation  field  by  the 
following  equation:  J/^=H,M^tpl2,  where  Af,  and  tp  are, 
respectively,  the  saturation  magnetization  and  thickness,  of 
the  magnetic  layer.  Using  the  saturation  field  obtained  in  Fig. 
1  and  the  saturation  magnetization  of  the  bulk  Co,  the 
values  found  for  the  (Co32Ru5)2  bilayer  are  approximately 
equal  to  6.72  erg/cm^  at  4.2  K  and  4.48  erg/cm^  at  300  K. 
Such  decrease  of  the  AFM  coupling  by  33%  between  4.2  K 
and  room  tempc.rature  is  slightly  higher  than  the  reduction  of 
20%  and  22%  observed,  respectively,  in  Fe/Cr  (Ref.  3)  and 
Co/Cu  multilayers.®  We  explain  this  effect  as  being  due  to 
the  theimal  spin  fluctuations  occurring  at  room  temperature. 
On  the  other  hand,  the  decrease  of  the  MR  by  60%  in  this 
sample  can  be  attributed  to  the  strong  decrease  of  the  mean 
free  path  in  the  Ru  layers  at  room  temperature. 

A  similar  study  was  performed  on  the  (Co32Rui2)2  sand¬ 
wich  with  larger  Ru  thickness  than  the  corresponding  value 
of  the  sample  presented  above.  The  magnetization  hysteresis 
loop  of  this  sample  obtained  at  room  temperature  with  the 
field  along  the  film  plane  has  shown  a  small  coercive  field 
and  a  small  remanent  magnetization  which  are  characteristic 
of  a  ferromagnetic  (FM)  canted  state.’  This  state  was  also 
confirmed  by  recent  neutron-diffraction  studies  performed  on 
the  multilayer  with  the  same  Co  and  Ru  thicknesses’  where 
only  a  FM  peak  was  found  with  relatively  smaller  intensity 
than  the  one  corresponding  to  the  fuF  ■  ferromagnetically 
coupled  layers.  As  a  result  the  MR  curves  obtained  at  4.2  and 
300  K  with  H  along  the  plane  and  parallel  to  the  current  I 
(Fig.  2)  present  an  interesting  behavior.  Surprisingly  the  MR 
is  found  to  increase  at  room  temperature  at  the  opposite  of 
the  other  sample  (Co32Ru5)2  where  the  MR  decreases  at  300 
K.  This  result  was  also  obtained  for  the  multilayer  with  the 
same  Co  and  Ru  thicknesses’  and  seems  to  be  a  characteris¬ 
tic  of  Co/Ru  superlattices.  In  these  superlattices  the  nuclear- 
magnetic-resonance  (NMR)  study  has  shown  the  evidence  of 
some  intermixiiig  at  the  interfaces  along  three  Co 
monolayers.”  In  these  conditions  the  magnetization  is  low- 
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FIG.  3.  Variation  of  tlie  (a)  magnetorcsistance  ratio  and  (b)  saturation  fleld 
as  a  function  of  the  Ru  thickness,  respectively,  at  4.2  K  (square)  and  300  K 
(circle).  The  magnetic  field  is  applied  along  the  film  plane  and  parallel  to  the 
current.  Solid  curves  are  a  guide  to  the  eye. 


ered  at  the  interfaces.  This  suggests  a  gradient  in  Curie  tem¬ 
perature  due  to  the  concentration  gradient  of  the  interdiffused 
region  and  the  appearance  of  a  paramagnetic  zone  at  the  top 
of  the  layer  where  the  concentration  of  Ru  is  higher  than  37 
at.  %  for  Co  atoms.  As  a  consequence,  the  spin  disorder  is 
maximum  at  the  interfaces  at  room  temperature  giving  a  con¬ 
tribution  to  the  magnetoresistance  due  to  the  scattering 
within  the  Co  layers  which  is  much  larger  than  the  one  ob¬ 
tained  at  4.2  K.  This  contribution  is  relatively  important  for 
this  Ru  thickness,  for  which  the  MR  due  to  the  AFM  ex¬ 
change  coupling  is  small,  leading  to  the  inversion  of  the  MR 
behavior  at  300  K.  These  results  indicate  that  the  dependence 
of  the  MR  on  temperature  gives  a  fine  information  on  the 
nature  of  the  magnetic  state  as  well  as  the  one  given  by 
neutron  diffraction. 

Figures  3(a)  and  3(b)  show  the  variation  of  the  saturation 
field  //j  and  saturation  magnetoresistance  AR/R  of  14  sand¬ 
wiches  as  a  function  of  Ru  thickness  both  at  4.2  and  300 
K.  Three  oscillations  of  AR/R  and  are  observed  at  4.2  K 
while  only  one  oscillation  is  found  at  300  K.  The  oscillations 
obtained  at  4.2  K  are  similar  to  those  previously  reported  on 
Co/Ru  multilayers**"”  and  are  indicative  of  an  oscillation  in 
the  indirect  exchange  coupling  from  antiferromagnetic  to  fer- 
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romagnetic  state  as  the  Ru  layer  thickness  is  varied.  The 
maximum  of  these  oscillations  corresponds  to  the  AFM  state, 
where  the  coupling  is  strong,  particularly  for  thin  Ru  thick¬ 
ness,  and  needs  high  magnetic  field  to  change  the  relative 
orientation  of  the  two  magnetic  layers  from  antiparallel  to 
parallel. 

The  more  striking  result  obtained  in  this  figure  is  the 
strong  dependence  on  the  temperature  of  the  magnetoresis¬ 
tance  and  saturation  field.  For  the  MR  curve  three  different 
behaviors  are  clearly  evidenced  depending  on  the  Ru  thick¬ 
ness,  as  follows. 

(i)  For  thin  Ru  spacer  layers,  /«„<!!  A,  the  MR  is 
strongly  reduced  between  4.2  and  300  K.  This  reduction  of 
MR  is  of  60%  for  tRu=5  A  and  decreases  as  the  Ru  thickness 
is  increased  reaching  30%  for  tRu=10  A.  To  explain  this 
effect,  we  have  to  assume  that  the  increase  of  the  Ru  thick¬ 
ness  is  accompanied  by  the  reduction  of  the  AFM  exchange 
coupling,  then  the  corresponding  MR  values  are  also  re¬ 
duced.  In  addition,  the  MR  due  to  the  spin  disorder  is  found 
to  increase  at  room  temperature  as  explained  above.  As  a 
consequence,  the  MR  due  to  the  spin  disorder  becomes  rela¬ 
tively  important  which  gives  the  decrease  of  the  MR  reduc¬ 
tion  between  4.2  and  300  K. 

(ii)  More  interestingly,  for  11  A<rRu<14  A  the  AFM 
exchange  coupling  is  strongly  decreased  as  confirmed  by  the 
small  saturation  field  values.  As  a  result,  the  MR  due  to  this 
effect  is  smaller  than  the  one  due  to  the  spin  disorder  at  300 
K  which  leads  to  the  inversion  of  the  MR  behavior  where 
this  latter  is  enhanced  between  4.2  and  300  K. 

(iii)  for  tRu>  14  A  this  effect  is  no  longer  observed,  be¬ 
cause  the  thickness  becomes  larger  than  the  mean  free  path  at 
300  K  and  the  MR  completely  vanishes;  however,  at  4.2  K 
two  more  oscillations  of  MR  and  are  observed  for  thicker 
Ru  layers.  The  latter  effect  was  also  reported  by  Parkin'*  on 
(NiFe/Cu)„  multilayers.  The  MR  completely  disappears  for 
/ru>10  a  at  room  temperature  while  two  oscillations  of  the 
MR  are  still  observed  at  4.2  K  for  larger  Cu  thicknesses.  This 
result  has  been  explained  by  the  increased  scattering  in  the 
Cu  layers  at  room  temperature  for  larger  Cu  thicknesses.  For 
the  variation  of  the  saturation  field  with  the  Ru  thickness 
reported  in  Fig.  3(b)  the  behavior  is  similar  to  the  MR  varia¬ 
tion.'  However,  the  saturation  field  is  always  reduced  at  300 
K  even  for  the  Ru  range  thickness  11-14  A  where  the  MR 
was  found  to  increase  at  300  K. 

Surprisingly,  we  find  the  presence  of  MR  effect  with 
slightly  high  saturation  field  (//j=10  kOe)  for  a  bilayer  with 
Ru  thickness  of  80  A,  as  reported  in  Fig.  4.  This  could  indi¬ 
cate  that  the  antiferromagnetic  or  ferromagnetic  canted  cou¬ 
pling  persists  for  Ru  thicknesses  up  to  more  than  80  A  and 
that  the  mean  free  path  at  this  temperature  is  of  the  order  of 

100  A. 

In  summary,  we  have  shown  that  the  dependence  of  the 
MR  on  the  temperature  gives  fine  information  on  the  nature 
of  the  magnetic  state  and  particularly  at  the  interfaces.  In 
fact,  for  thin  Ru  layers,  where  the  AFM  coupling  is  strong, 
the  MR  is  important  at  4.2  K  and  is  sensitively  reduced  at 
300  K  due  to  the  strong  decrease  of  the  mean  free  path.  In 
contrast,  for  thicker  Ru  layers  (tRu=12  A)  the  coupling  is 


FIG.  4.  Magnetoresistance  curve  of  a  (Co32Rugo)2  sandwich  with  the  applied 
magnetic  field  along  the  film  plane  and  parallel  to  the  current  at  4.2  K. 

small  giving  a  small  MR,  then  the  enhancement  of  MR  at 
300  K  is  mainly  due  to  the  spin  disorder  at  the  interfaces.  We 
find  well-defined  oscillations  in  the  MR  and  the  at  4.2  K. 
However,  only  one  oscillation  was  observed  at  300  K  indi¬ 
cating  the  strong  dependence  of  the  temperature  effect  on  the 
Ru  layer  thickness.  Consequently,  for  Ru  layers  larger  than 
14  A  both  the  MR  and  H,  vanish.  The  observation  of  a 
significant  MR  for  a  Ru  thickness  of  80  A  at  4.2  K  suggests 
that  the  mean  free  path  is  of  the  order  of  100  A  at  this 
temperature,  which  is  much  larger  than  the  value  of  about  14 
A  obtained  at  300  K. 
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Results  are  reported  on  the  magnetothermopower  of  antiferromagneticaily  coupled  Co-Re 
superlattices,  obtained  in  a  film  of  150  A  Re/(Co  22  A  Re  5  A)  X 16/50  ARe,  from  10  to  300  K  and 
in  magnetic  fields  0<//<10  kOe.  At  low  temperature  the  magnetothermopower,  A5=S(//)-S(0), 
is  positive  reaching  a  maximum  around  100  K  (A5/Ssl0%  at  saturation),  and  fading  away  when 
r>250  K.  At  each  temperature,  the  field  dependence  of  A5  is  rather  close  to  that  observed  in  the 
magnetoresistance.  The  temperature  dependence  of  A5  is  consistent  with  the  model  of  Piraux  et  al. 

[J.  Magn.  Magn.  Mater.  110,  L247  (1992)]  based  on  a  two-spin-channel  conduction  with  electron 
spin  mixing  due  to  magnon  'cattering  (pj j).  In  this  model  the  sign  of  A5  depends  on  whether  the 
parameter  a=Poi/Pot  greater  (AS<0)  or  smaller  than  unity  (A5>0).  The  results  for  Co-Re 
superlattices,  showing  AS>0,  support  this  prediction,  since  a<l  for  Re  impurities  in  Co,  from 
previous  studies. 


I.  INTRODUCTION 

The  two-current  model,  involving  parallel  conduction  of 
spin-up  and  spin-down  channels,  and  spin-dependent  scatter¬ 
ing  at  the  interfaces  or  within  the  ferromagnetic  layers,  was 
successively  used  to  explain  the  giant  magnetoresistance  in 
antiferromagneticaily  (Af)  coupled  Fe/Cu,‘  Co/Cr,*  and 
Co/Re  (Ref.  3)  superlattices  at  low  temperature.  The  ob¬ 
served  decrease  of  the  magnetoresistance  when  the  tempera¬ 
ture  increases  was  first  related  to  spin  mixing  by  electron- 
magnon  scattering.'*'*  This  idea  was  then  generalized  and 
used  to  explain  the  observed  temperature  dependence  of  the 
magnetothermopower  in  Fe/Cr  and  Co/Cu  multilayers.® 

In  this  work  we  present  a  detailed  experimental  investi¬ 
gation  of  the  magnetothermopower,  A5=5(//)-S(0),  in  an 
AF  coupled  Co/Re  superlattice  with  composition  Re  150 
A/(Co  22  A  Re  5  A)  X  16/Re  50  A,  exhibiting  a  large  mag¬ 
netoresistance  at  low  temperature.*  The  temperature  depen¬ 
dence  of  AS  is  analyzed  in  terms  of  the  model  of  Piraux 
et  al.,^  and  the  field  dependence  of  AS  up  to  magnetic  satu¬ 
ration  is  compared  wi.h  the  dependence  of  the  magnetoresis¬ 
tance  measured  at  the  same  temperature. 


31.  EXPERIMENT 

The  superlattice  (Co  22  A  Re  5  A)  X 16  was  prepared  by 
magnetrom  sputtering  in  a  high  vacuum  system  with  a  base 
pressure  of  1 X 10"’  Torr.  The  Co  was  deposited  by  rf,  at  a 
rate  of  2  As"*,  and  Re  was  deposited  by  dc  magnetrom 
sputtering  at  a  rate  of  0.85  As"*.  These  rates  were  monitored 
by  in  situ  quartz  crystals  and  the  Ar  pressure  during  deposi¬ 
tion  was  kept  at  8  mTorr  (for  Co)  and  2.5  mTorr  (for  Re).  In 
order  to  induce  [001]  crystal  growth  perpendicular  to  the 
plane  of  the  films,  a  150-A-thick  Re  buffer  film  was  used.  It 
also  reduces  spurious  effects  of  the  glass  substrate  on  the 
superlattice  structure.  To  avoid  effects  from  external  expo¬ 
sure,  a  protective  layer  of  Re,  50  A  thick,  was  deposited  on 
the  top  of  the  film.  Further  details  on  sample  preparation  and 
characterization  were  given  elsewhere.* 


The  thermopower  S  was  measured  with  a  four-wire  dy¬ 
namic  method  (two  copper  and  two  Chromel  wires  attached 
directly  to  the  sample),  based  on  the  application,  at  each 
experimental  temperature,  of  a  transient  temperature  gradient 
giving  a  small  difference  of  temperature  across  the  sample, 
A  ?’(/).  This  induces  two  time-dependent  thermal  emf  (in  the 
copper-sample  and  Chromel-sample  circuits)  which,  for 
.small  AT,  vary  linearly  with  each  other.  The  small  voltages 
are  measured  with  nanovolt  resolution,  and  from  the  corre¬ 
sponding  slope  we  can  obtain  5  relative  to  copper  (or 
Chromel).  Further  details  on  the  experimental  method  are 
given  elsewhere.’ 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  temperature  dependence  of  the  ther¬ 
mopower  for  the  reported  Co/Re  superlattice,  from  10  up  to 
300  K  and  in  zero  magnetic  field.  S(T)  is  negative  and  its 
magnitude  increases  with  T,  exhibiting  great  similarities  with 
the  corresponding  curves  measured  in  sputtered  films  of  pure 


FIG.  1  Temperature  dependence  of  the  therniopower  (S:  Referred  to  cop¬ 
per)  of  the  Re  ISO  A/(Co  22  A  Re  5  A)X  16/Re  50  A  superlattice,  measured 
in  zero  magnetic  Held. 
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FIG.  2.  Magnetic-field  dependence  of  the  thermopower,  measured  at  three 
different  temperatures:  60  K  (•),  105  K  (♦)  and  150  K  (O). 


Co.®  Thus,  most  of  the  observed  thermal  effects  reflects  the 
dominant  role  of  Co  in  the  Co  22  A/Re  5  A  superlattice. 

The  application  of  a  magnetic  field  produces  a  positive 
contribution  in  the  thermopower,  leading  ultimately  to  mag¬ 
netic  saturation  as  illustrated  in  Fig.  2  for  a  few  measured 
temperatures.  The  corresponding  saturation  fields 
agree  with  those  obtained  from  the  magnetoresistance  curves 
measured  at  the  same  temperature.  As  illustrated  in  Fig.  3 
with  data  obtained  at  7=100  K  an  approximate  linear  rela¬ 
tion  exists  between  A5  and  Ap/p. 

From  the  experimental  S(H)  curves  obtained  at  different 
temperatures,  we  can  construct  the  magnetothermopower 
curve  in  the  temperature  range  10-300  K,  as  shown  in  Fig. 
4.  Here  AS„  is  the  saturation  magnetothermopower,  obtained 
at  fields //>//,(?). 

This  curve  reveals  the  main  features  predicted  in  the 
model  of  Piraux  et  al.^  based  on  the  two-current  model 
(p|,Pj)  and  spin  mixing  due  to  magnon  scattering  (pjj).  It 


Ap/p 

FIG.  3.  An  approximate  linear  relation  exists  between  the  changes  with 
magnetic  field  of  the  magnetothermopower  and  magnetoresistance,  as  illus¬ 
trated  here  for  7"=  100  K. 
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FIG.  4.  Temperature  dependence  of  the  (saturation)  magnetothermopower 
measured  in  the  AF  coupled  Re  150  A/(Co  22  A  Rc  5  A)  X  16/Re  50  A 
superlattice. 


gives  a  specific  magnetothermopower  contribution  in  AF 
coupled  multilayered  thin  films  with  the  form 

Tp-  k  p  j  -  p  I 

(1) 

where  R{T)  is  a  positive  coefficient  of  the  order  of  unity 
which  varies  slowly  with  temperature  (except  at  very  low 
temperature  where  R  vanishes  exponentially)  and 

/iC=[p,pj  +  p,j(Pl  +  Pj)][pl  +  pj  +  4p|j]. 

This  anomalous  thermopower  contribution  requires  asym¬ 
metric  conduction  (pt=?^p|)  and,  simultaneously,  spin-mixing 
mechanisms  originating  (magnon  scattering  in  the 
model).  The  addition  of  3d  impurities  to  the  ferromagnetic 
elements  (Co,  Ni,  and  Fe)  can  induce  large  differences  in  pj 
and  pj .  In  the  case  of  Re  impurities  in  Co  it  is  known  that 
Pl<P[ which  could  explain  the  positive  sign  of  A5„,  in  our 
Co-Re  superlattice. 

As  a  function  of  temperature,  according  to  Eq.  (1), 
AS„=0  at  7=0  K  (p|j=0),  increases  with  p^ ,  goes  through 
a  maximum  for  p[j=0.5(p.p|)'^  and  decreases  to  zero  for 
Plt^(pjP|)'^.  In  contrast  with  the  cases  of  Fe/Cu  and  Co/Cu 
multilayers,^  where  the  expected  maxima  in  |A5„|  are  not 
observed  below  room  temperature,  in  our  Co/Re  superlattice 
the  maximum  occurs  well  below  room  temperature.  This 
suggests  that  the  spin-mixing  resistivity  pjj  in  Co/Re  reaches 
comparable  values  to  (pjpj)'^  at  considerably  lower  tem¬ 
peratures.  From  Ref.  9  we  know  the  values  of  the  partial 
residual  resistivities  caused  by  Re  impurities  in  a  Co  matrix, 
for  spin-up  and  spin-down  conduction  electrons,  poi  =  18 
pilcm  and  Pq^-I-I  /xflcm,  so  a=po|/poi=0.43  in  this 
case;  the  behavior  of  Ptj(7)  in  bulk  Co  was  found  to  be 
similar  to  that  of  Ni.  The  suggested  enhancement  in  P|j  in 
our  Co/Re  superlattice  film  could  be  related  to  a  smaller 
value  of  the  D  constant  of  the  magnon  dispersion  curve  in 
Co  {w=Dq^).  A  similar  effect  has  been  previously  reported 
for  pjj  in  Fe/Co  multilayers.® 

We  should  now  comment  the  small  magnitude  of  the 
thermoelectric  power  in  our  Co/Re  multilayers.  The  zero- 
field  thermopower  5  of  pure  Co  is  -30.8  pN  at  room 
temperature*®  and  similar  values  have  been  observed  at  satu- 
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ration  in  Co/Cu  multilayers.  In  contrast,  S  in  our  Co/Re  mul¬ 
tilayers  is  about  one  order  of  magnitude  smaller.  The  mag¬ 
netothermopower  in  Co/Cu  samples  with  the  largest 
magnetoresistance  is  about  -6  /rV  as  opposed  to 

the  +0.14  /iVK“*  observed  in  our  Co/Re  multilayer. 

These  differences  could  be  due  to  the  distinct  role  played 
by  Cu  and  Re  impurities  in  cobalt.  For  the  transition-metal 
impurity,  the  large  effective  impurity  potential,  due  to  its 
incomplete  d  shell,  is  strong  enough  (AZ = 2  with  respect  to 
Co)  to  build  up  a  virtual  bound  state  Sfdj(VBS)  extending 
through  the  Fermi  level,  thus  allowing  extra  conduction  elec¬ 
tron  transitions,  due  to  impurity  scattering,  into  such  VBS 
localized  states.*''  In  contrast,  for  Cu  impurities,  with  their  3d 
band  full,  such  a  type  of  impurity  scattering  is  not  possible. 

In  pure  Co  (and  also  Co-Cu  multilayers)  we  expect  the 
dominance  of  the  usual  s-d  transitions  induced  by  phonons. 
Due  to  the  high  density  of  states  in  the  d  subband  which  goes 
through  Ef,  Nj^{Ep),  and  to  its  rapid  decrease  with  energy, 
a  large  negative  thermoelectric  power  arises,  5~— 30 
/iV  K“*  at  room  temperature. 

As  shown  by  Cadeville  and  Roussel,*®  1%  Re  impurities 
in  Co  is  sufficient  to  reduce  the  magnitude  of  the  room  tem¬ 
perature  thermopower  from  about  -30  to  -2  /xV  K“*.  Such 
dramatic  reduction  is  due  to  the  fact  that  the  VBS  density  of 
states  .V  has  its  maximum  nearEf  and  so  dN/dE'-O  leads  to 
a  small  thermoelectric  power  (even  to  a  change  of  sign,  when 
we  go  from  Os  to  Re). 

Our  results  bring  new  information  for  the  ongoing  dis¬ 
cussion  of  the  physical  origin  of  the  magnetothermopower  in 
magnetic  multilayers  as  follows, 

(i)  Some  authors®  claim  that  electron-magnon,  spin¬ 
mixing  effects,  are  the  dominant  mechanisms.  In  this  model 
the  magnetothermopower  is  negligible  both  at  low  and  high 
temperatures,  so  the  A5„  anomalies  occur  only  at  interme¬ 
diate  temperatures. 

(ii)  More  recent  work,  mainly  concerned  with  Co-Cu 
multilayers,**’*^  emphasizes  the  dominant  role  of  the  phonon- 
induced  non-spin-flip  s-d  transitions. 

We  believe  that,  due  to  the  presence  of  the  Re  impurities 
and  the  high  residual  resistivity,  s-d  transition  effects  are  not 
dominant  in  our  Co-Re  multilayers.  It  appears  that  the  mag¬ 
netothermopower  essentially  reflects  the  effects  of  the  spin¬ 
mixing  mechanisms,  appropriately  damped  by  the  large  re¬ 
sidual  resistivity  (see  below).®  In  contrast,  s-d  electron 
transitions  seem  to  dominate  in  Co-Cu  originating  large  ther¬ 
mopower  and  magnetothermopower  values."’*^  The  tem¬ 
perature  dependence  of  AS„  in  Co/Re  and  Co/Cu  multilay¬ 
ers  is  also  consistent  with  the  above  considerations:  The 
anomaly  is  concentrated  at  intermediate  temperatures  in 


Co/Re  (as  predicted  by  the  electron-magnon  model),  whereas 
in  Co/Cu  it  shows  no  sign  of  fading  away  up  to  300  K  (the 
density-of-states  model  gives  an  increase  of  AS„  with  T,  as 
the  anomaly  occurs  through  electron-phonon  scattering). 

Our  previous  characterization  of  the  interfacial  structure 
of  Co/Re  multilayers*®  indicates  that  interface  Co-Re  mixing 
occurs,  at  most,  over  about  5  A  (2.5  A+2.5  A)  in  each  22  A 
Co  layer.  Nevertheless,  if  we  recall  that  just  1%  Re  in  Co 
decreases  S  by  a  factor  of  —10,  it  is  not  surprising  that 
atomic  disorder  in  Co/Re  multilayers  may  lead  to  a  large 
reduction  of  S.  Apparently  this  is  associated  with  a  switch 
from  the  s-d  (Refs.  11-13)  to  the  electron  magnon  model.® 
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Structural  properties  of  sputtered  Si/Re  50  A/(Co  20  A/Re  x  A)4o  superiattices  have  been 
investigated  in  detail  by  low-  and  high-angle  x-ray-difffaction  measurements.  The  low-angle  x-ray 
reflectivity  data  have  been  analyzed  using  an  optical  model  and  the  high-angle  data  have  been 
treated  on  the  basis  of  a  trapezoidal  model.  The  fitted  results  indicate  that  the  films  with  small 
XRe=3,  5,  and  7  A  are  essentially  composed  of  pure  Co  layers  and  Re  rich  alloy  (~80%)  interfaces 
about  3-5  monolayers  thick.  The  magnetoresistance  (MR)  data  of  the  antiferromagnetically  coupled 
films  have  been  analyzed  using  a  semiclassical  MR  model  of  interfacial  spin-dependent  scattering. 


I.  INTRODUCTION 

Recently  discovered  giant  magnetoresistance*  (GMR) 
and  oscillatory  exchange  coupling^  in  magnetic  multilayers 
continue  to  attract  intensive  investigation  because  of  their 
unusual  underlying  physics*’^  and  potential  applications  in 
magnetoresistive  devices.^  Since  GMR  has  been  found  ex¬ 
perimentally  to  be  highly  sensitive  to  the  atomic  structures  of 
the  individual  layers  as  well  as  to  the  interfacial 
microstructures, detailed  structural  characterization  is 
necessary  for  understanding  the  anomalous  magnetotransport 
property.  In  previous  articles,’’*  we  have  reported  the  GMR 
and  oscillatory  exchange  coupling  in  sputtered  Si/Re  50 
A/(Co  20  A/Re  X  A)4o  superiattices  with  XRe=3-32  A,  and 
the  annealing  effect  on  the  structure  and  GMR  of  the  films. 
In  this  article,  we  analyze  the  low-  and  high-angle  x-ray- 
diffraction  data  for  the  Co/Re  superiattices  on  the  basis  of  the 
structural  models  described  in  Ref.  9.  In  addition,  the  MR 
data  of  the  antiferromagnetically  (AF)  coupled  films  are  dis¬ 
cussed  in  the  light  of  a  semiclassical  MR  model  of  interfacial 
spin-dependent  scattering."* 

II.  EXPERIMENTAL  DETAILS 

The  Co/Re  superiattices  with  structures  Si(oxidized)/Re 
50  A/(Co  20  A/Re  x  A)4o  were  prepared  using  a  modified 
single-source  rf  triode  sputtering  system.’’’  Low-  and  high- 
angle  x-ray-diffraction  measurements  have  been  taken  using 
Cu/fa  radiation  as  detailed  in  Ref.  9.  The  MR  was  measured 
with  the  current  in  the  film  plane  at  temperatures  from  1.5  to 
325  K  in  magnetic  fields  up  to  1  T,  using  a  high-resolution  ac 
bridge.’ 

III.  RESULTS  AND  DISCUSSION 

The  reflectivity  data  of  several  films  are  shown  in  Fig.  1: 
Sharp  superlattice  peaks  up  to  third  order  (except  for  the 
thinnest)  are  observed  for  all  the  films  with  Re  thickness 
down  to  3  A.  The  reflectivity  data  of  the  films  have  been 
analyzed  using  an  optical  model’  which  includes  both  inter¬ 
facial  mixing  and  discrete  layer-thickness  fluctuations.  The 
fitted  results  (dashed  lines)  are  also  shown  in  Fig.  1  for  films 
B  and  E  and  the  parameters  for  all  five  films  are  listed  in 


Table  I.  As  these  values  indicate,  the  rear  and  front  interfaces 
in  the  small  Xr^  films  extend  across  the  entire  Re  layer,  so 
that  the  films  are  essentially  composed  of  Co  layers  and  an 
alloyed  interfacial  region  [3-5  monolayers  (ML)].  For  the 
film  with  the  smallest  Xr5~1  ML,  successive  Co  layers  may 
not  be  completely  separated  due  to  interfacial  roughness.  For 
films  with  xr52=14  A,  the  fitted  results  indicate  an  asymmet¬ 
ric  interface  configuration  as  found  in  Co/Re  bilayer  and 
equal-thickness  films.’  Rear  and  front  interface  widths  are 
found  to  be  about  2  and  3  ML,  respectively,  somewhat 
smaller  than  found  in  the  Co/Re  equal-thickness  films.  This 
change  can  be  understood  on  the  basis  of  smaller  cumulative 
layer  roughness  since  the  present  films  have  only  one-third 
the  thicknesses  of  the  previous  series. 

The  high-angle  x-ray-diffraction  data  for  the  same  series 
of  films  show  sharp  superlattice  peaks  around  the  Bragg 
peaks  corresponding  to  the  Co  and  Re  (002)  average  atomic 
spacing.*  The  strongest  superlattice  peak  decreases  in  inten¬ 
sity  and  is  displaced  toward  the  Co  (002)  reflection  position. 


FIG.  1.  Semilog  plot  for  x-ray  reflectivity  data  for  Si/Re  50  A  (Co  20  A/Re 
X  A)4o  films  a,  B,  and  E  as  a  function  of  the  scattering  vector  (2=4  rr  sin  ® 
X.  Solid  lines  are  fitted  results. 
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TABLE  I.  Derived  parameters  from  fits  to  the  x-ray  reflectivity  data  for  the 
Si/Re  50  A(Co  20  A/Re  x  A)4o  films  with  Xr5=3-14  A.  is  the  nominal 
Re  layer  thickness;  Aj  is  the  modulation  wavelength;  Iq,  and  /rj  are  the  Co 
and  Re  layer  thicknesses;  /r  and  tf  are  the  rear  (Co  deposited  on  Re)  and 
front  (Re  deposited  on  Co)  interface  widths,  respectively;  Ar  is  the  layer¬ 
thickness  distribution  width;  o>  is  the  rms  global  interface  roughness.  For 
films  A,  B,  and  C,  only  Ar  for  the  Co  layer  is  introduced  in  the  model 
calculation. 
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TABLE  II.  Derived  parameters  from  fits  to  the  high-angle  diffraction  data 
for  the  same  films  listed  in  Table  1.  .Vr^  is  the  nominal  Re  layer  thickness;  A* 
is  the  modulation  wavelength;  d^o  und  ^r^  are  the  average  atomic  intcrpla- 
nar  distances  of  Co  and  Re  (002);  n^a  ond  Ur,  the  corresponding  atomic 
plane  numbers,  Rr  and  rr  the  atomic  layer  numbers  at  the  rear  and  front 
interfaces;  is  the  coherence  length  of  the  multilayer  crystallite  along  the 
growth  direction.  The  values  in  parentheses  are  the  corresponding  layer 
thicknesses. 


\% 

(A) 

t 

\k 

"r  Or) 

(A) 

"Co  ('&) 

(A) 

ftp  Op) 
(A) 

IRc  Orc) 
(A) 

Lc 

(A) 

B5 

25.0 

2  048 

2.190 

3  (6.4) 

6  (12.3) 

3  (6.4) 

0 

143 

C7 

25.2 

2.056 

2.200 

2  (4.3) 

6  (13.2) 

3  (6.4) 

1  (2.1) 

135 

D  10 

27.6 

2.059 

2.204 

2  (4.3) 

6  (12.4) 

3  (6.4) 

2  (4.4) 

129 

E  14 

29.9 

2.051 

2.232 

2  (4.3) 

5  (10.3) 

3  (6.4) 

4(8  9) 

120 

as  the  number  of  Re  planes  decreases.  Quantitative  analysis 
of  the  spectra  was  performed  using  a  trapezoidal  model 
which  considers  crystalline  multilayers  having  extended  in¬ 
terfaces  with  linear  composition  profiles.^’ The  fitted  results 
for  the  films  B  and  E  with  JCRe=5  and  14  A  are  shown  in  Fig. 
2  and  the  structural  parameters  for  films  B,  C,  D,  and  E  are 
listed  in  Table  II.  Due  to  the  appreciable  fraction  of  indepen¬ 
dent  crystallites  present  in  film  A,  it  was  not  possible  to  fit  its 
spectrum  with  adequate  precision. 

For  the  film  with  JrRc=14  A,  the  values  of  ^co  ^nd 
are  found  to  be  comparable  to  those  obtained  in  the  equal¬ 
thickness  Co/Re  films  with  similar  Co  layer  thicknesses.’  For 
films  with  Arj^IO  A,  the  dco  decreases  with  decreasing  Ar^ 
from  a  dco  expanded  by  ~1.1%  down  to  the  Co  bulk 
value,  suggesting  that  the  proportion  of  Co  alloyed  with  tiie 
Re  decreases  due  to  the  limited  amount  of  Re  available  in 
>  these  small  Xr^  films.  On  the  other  hand,  the  decreases 

significantly  (~4%)  compared  to  the  values  found  for  larger 
Arj  films  (e.g.,  A:Re=I4  A),  and  becomes  even  smaller  than 
the  bulk  value,  indicating  that  almost  all  the  Re  layers  are 
involved  in  alloying  with  Co.  Using  Vegard’s  law  and  the  df^^ 
values  listed  in  Table  11,  the  average  Re  atomic  concentration 
in  the  alloyed  interfacial  region  is  estimated  to  be  ~80%. 


34  36  38  40  42  44  40  48 

20  (deg.) 


FIG.  2.  High-angle  x-ray-diffraction  data  (circles)  and  fitted  results  (solid 
line)  for  films  B  and  E.  The  fitted  results  for  film  B  include  Re  crystallites 
with  d  spacings  close  to  that  of  the  (002)  plane.  The  positions  corresponding 
to  Co  and  Re  reflections  are  indicated  by  the  solid  vertical  lines. 


Given  that  the  trapezoidal  model  uses  only  integral  mono- 
layer  thicknesses,  there  is  good  agreement  between  this 
model  and  the  low-angle  optical  model  as  far  as  the  indi¬ 
vidual  layer  thicknesses  are  concerned.  Evidently,  this  con¬ 
clusion  also  holds  for  the  modulation  wavelengths. 

It  is  interesting  to  compare  the  MR  shape,^  in  particular 
in  low  field,  for  two  AF  coupled  films  with  Arc=3  and  5  A. 
For  Xrj=3  a,  the  maximum  MR  is  observed  at  ±8^  (the 
coercive  field),  suggesting  that  there  exists  a  remanent  mag¬ 
netization  in  zero  field  for  this  a:rc=3  A  film.  As  we  know, 
for  perfect  AF  coupling  between  identical  magnetic  layers, 
one  expects  no  remanent  magnetization  as  seen  in  Fe/Cr 
(Ref.  1)  and  Co/Ru.^  From  the  structural  analysis,  we  know 
that  the  successive  Co  layers  are  in  partial  contact  due  to 
pinholes  in  this  film,  which  will  result  in  a  partial  ferromag- 
net  (FM)  alignment  of  adjacent  Co  layers  (direct  exchange) 
and  therefore  a  remanent  magnetization  in  zero  field.  The 
triangular  shape  of  the  TMR  curve  in  low  field  is  also  indica¬ 
tive  of  incomplete  AF  alignment  of  the  Co  layers.”  In  con¬ 
trast,  for  films  with  a:r5=5  A,  the  TMR  curve  shows  a  pla¬ 
teau  shape  at  very  low  field,^  decreases  slowly  as  the  field 
increases,  and  saturates  at  higher  ,  very  similar  to  the  MR 
behavior  found  in  perfectly  AF  coupled  films  Fe/Cr,*  and 
Co/Ru.^  This  form  suggests  that  the  remanent  magnetization 
of  the  Co  layers  becomes  practically  zero,  indicative  of  al¬ 
most  100%  AF  coupling.  Indeed,  low-  and  high-angle  x-ray- 
diffraction  studies  give  evidence  for  Co  layers  separated  by 
an  interface  region  (~4  ML)  with  a  Re  atomic  concentration 
about  80%,  a  nonmagnetic  alloy  layer.  Hence,  the  MR  prop¬ 
erties  for  these  two  samples  agree  very  well  with  the  x-ray 
structural  results. 

The  MR  studies  on  these  films  showed  oscillatory  MR 
and  interlayer  magnetic  coupling  as  a  function  of  the  Re 
layer  thickness  Xr^  with  a  period  of  about  12  A  and  a  maxi¬ 
mum  MR  magnitude  of  —1.2%  at  4.2  K  for  a;r(,=5  A.  In 
order  to  analyze  the  MR  data  (at  4.2  K)  more  quantitatively, 
we  have  fitted  the  experimental  data  of  the  AF  coupled  films 
with  A:Re=5,  7,  16  A  using  an  equation  derived  from  the 
semiclassical  MR  model,** 


AR  R{AF)-R{F) 

^  W) 


fRej 

X  / 


X  I 
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The  prefactor  A  depends  on  the  mean  free  path  (MFP)  X 
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FIG.  3.  Normalized  MR  plotted  as  a  function  of  for  AF 

coupled  multilayers:  (A)  Fe/Cr,  \=20  A,  /I =4.5  (Ref.  4);  (□)  Co/Ru, 
X=15  A,  A  =  0.3,  (Ref.  4);  (O)  Co/Re,  \=9  A,  A=0.14. 

(which  is  assumed,  for  simplicity,  to  be  the  same  in  Co  and 
Re  layers),  the  coherent  interface  transmission  coefficients 
for  spin-down  and  spin-up  electrons  Tj ,  T^,  and  the  Co 
thickness  Xq,,  but  not  on  the  thickness  of  the  nonmagnetic 
layer  ^  are  exponential  integral  functions.'*  Figure  3 
shows  that  the  series  of  experimental  data  on  Fe/Cr,'*  Co/Ru,'* 
and  Co/Re  at  4.2  K  can  be  plotted  on  the  same  curve 
^3{x}^JK)-^}{xJ^J\)  when  the  normalized  MR,  AR/R  di¬ 
vided  by  the  normalization  factor  A,  is  plotted  versus 
ihM-hv  ^Ru.  and  fRj).  Analysis  gives  \“9  A  for  Co/Re, 
which  is  smaller  than  \(Fe/Cr)=20  A;  and  X(Co/Ru)=15  A.'* 
This  smaller  \  in  Co/Re  can  be  ascribed  to  the  high  resistiv¬ 


ity  of  the  Re  spacer.  The  decrease  in  k  values  is  consistent 
with  the  decreasing  MR  found  in  the  Fe/Cr,  Co/Ru,  and 
<2o/Re  systems.  In  addition,  as  indicated  in  Ref.  5,  for  x^^ 
larger  than  the  MFP  \  (=9  A  in  Re/Co),  the  MR  vanishes  as 
exp(— JCRe/X),  which  explains  the  much  smaller  second  AF 
peak  observed  at  XRe~16  A.’ 

In  summary,  the  results  obtained  from  the  analyses  of 
low-  and  high-angle  diffraction  data  unambiguously  indicate 
that  the  films  with  small  are  composed  of  Co  layers  and 
Re-rich  alloy  interfaces  about  3-5  ML  thick.  The  MR  data  of 
the  AF  coupled  films  can  be  well  described  by  the  semiclas- 
sical  MR  model  of  interfacial  spin-dependent  scattering. 
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A  Cu/Fe  granular  film,  formed  from  a  multilayer  film  and  composed  of  particles  of  Fe  imbedded  in 
Cu,  has  had  several  of  its  important  properties  investigated.  Measurements  include  ferromagentic 
resonance,  magnetoresistance,  Mossbauer  effect,  magnetic  viscosity,  and  magnetization.  The 
two-phase  behavior  of  these  immiscible  alloy  systems,  and  the  effect  of  multilayering  on  the  shape 
of  the  magnetic  precipitates,  can  explain  some  of  these  properties.  An  explanation  of  the 
ferromagnetic  resonance  line  shape  is  proffered.  An  extraordinary  macroscopic  quantum  tunneling 
effect  is  found  to  govern  the  magnetic  relaxation  at  the  lowest  temperatures. 


I.  MAGNETORESISTANCE 

We  have  manufactured  a  Cu/Fe  multilayer,  [Cu(50  A)/ 
Fe(10  A)]X50  (and  a  Cu/Dy  multilayer  [Cu(100  A)/Dy(40 
A)])  on  Kapton.  The  samples  were  prepared  by  thermal 
evaporation  in  a  high-vacuum  system.  Due,  in  part,  to  the 
low  miscibility  of  Fe  in  Cu,  this  process  can  produce  samples 
with  small  granular  particles  of  Fe  imbedded  in  the  Cu  ma¬ 
trix,  instead  of  the  usual  layered  structures.  A  similar  process 
was  recently  used  by  IBM  to  produce  their  discontinuous 
(granular)  NigoFe2o/Ag  multilayer  films  which  currently  hold 
the  record  for  the  largest  sensitivity  in  any  giant  magnetore¬ 
sistive  (GMR)  structure.'  Although  our  Cu/Fe  has  only  mod¬ 
est  OMR,  and  Dy'Cu  has  almost  none,  our  study  of  granular 
multilayers  should  provide  insights  into  the  magnetic  struc¬ 
ture  of  NiggFe^o/Ag. 

The  4.2  K  magnetoresistance  of  the  Fe/Cu  granular 
multilayer  is  plotted  as  a  function  of  external  applied  mag¬ 
netic  field  in  Fig.  1,  along  with  the  4.2  K  magnetic  moment 
of  the  sample,  obtained  with  a  superconducting  quantum  in¬ 
terference  device  magnetometer.  The  magnetoresistance  is 
large,  decreases  monotonically  with  field,  and  is  independent 
of  the  field  direction.  These  are  the  telltale  characteristics  of 
GMR,  a  phenomenon  often  found  in  multilayers  and  granular 
materials.  GMR  is  associated  with  magnetically  inhomoge¬ 
neous  material,  and  is  caused  by  the  magnetic  scattering  of 
conduction  electrons  by  the  nonaligned  magnetic  entities.^  At 
4.2  K  and  60  kOe,  the  fractional  change  of  resistance  Ap/p 
=  - 15%,  but  neither  the  magnetoresistance  nor  the  magnetic 
moment  is  completely  saturated  yet.  This  failure  to  saturate 
is  not  due  to  ordinary  magnetic  hardness,  but  is  caused  by 
the  existence  of  a  paramagnetic  component,  most  likely  Fe 
singlets,  dimers,  or  trimers  dissolved  within  the  Cu  matrix, 
which  coexist  with  the  Fe  precipitates.  Further  evidence  for 
the  existence  of  a  paramagnetic  iron  moment  in  the  as- 
deposited  Fe/Cu  film  will  become  apparent  in  the  Mossbauer 
effect  results,  presented  in  Sec.  IV. 

Unlike  Fe/Cu,  the  Dy/Cu  sample  showed  only  ordinary 
magnetoresistance,  characterized  by  both  a  nonmonotonic 
field  dependence  and  a  sensitivity  to  the  magnetic-field  di¬ 
rection. 


II.  FERROMAGNETIC  RESONANCE 

We  have  obtained  the  ferromagnetic  resonance  (FMR) 
spectrum  of  the  Cu/Fe  granular  multilayer  sample  at  9.55 
GHz  with  the  magnetic  field  both  parallel  and  perpendicular 
to  the  film  plane.  (The  Dy/Cu  spectrum  was  not  detected.) 
The  spectra  depend  hardly  at  all  on  temperature,  and  the 
room-temperature  parallel  and  perpendicular  absorption- 
derivative  spectra  are  shown  in  Fig.  2.  The  parallel  resonance 
is  centered  at  1.43  kOe  and  has  a  linewidth  A//||= 0.975  kOe, 
while  the  perpendicular  resonance  is  centered  at  7.87  kOe 
with  a  linewidth  LH^  =  \.95  kOe.  Kittel^  has  derived  the 
fields  for  resonance  in  the  parallel  and  perpendicular  con¬ 
figuration  of  thin  magnetic  films,  H.  In  the  absence  of  mag¬ 
netic  anisotropy  they  are  given  by  the  equations 

//7=(//)'^^(//+47rA/)'^^  (parallel  resonance), 

fly=H-4TTM  (perpendicular  resonance),  (1) 

where  /  is  the  microwave  frequency,  y  is  the  gyromagnetic 
ratio,  and  M  is  the  magnetization.  (For  a  pure  iron  film, 
y=3.2  GHz/kOe  and  47rM=21.5  kOe.) 

Using  the  Kittel  equations  for  the  Cu/Fe  sample,  we  ob¬ 
tain  g=2.18  and  47rM=4.87  kOe  using  the  data  shown  in 
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MAGNETIC  FIELD  (kOe) 

FIG.  1.  Magnetization  and  magnetoresistance  v.,  magnetic  field  at  4.2  K  for 
Cu(50  A)/Fe(10  A).  An  easily  saturable  ferromagnetic  component  and  a 
hard  to  saturate  paramagnetic  component  are  evident. 
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FIG.  2.  9.55  GHz  FMR  spectrum  of  Cu(50  A)/Fe(10  A)  with  applied  field 
parallel  and  perpendicular  to  plane  of  film. 

Fig.  2.  The  low  value  of  magnetization  results  from  the  low 
value  of  the  iron  filling  factor,  «>20%.  Griscom  et  al.^  have 
shown  that  it  is  proper  to  use  the  average  value  of  the  mag¬ 
netization  in  the  Kittel  equations  for  some  granuiar  or  pre¬ 
cipitated  films.  Our  derived  values  are  in  agreement  with  this 
conclusion,  and  this  result  is  further  justified  below. 

In  a  previous  publication*  one  of  the  authors  has  shown 
that  thin  films  of  granular  Fe2oCugo,  niade  by  coevaporation 
of  the  elements,  with  no  attempt  at  multilayering,  have  larger 
FMR  ln\ewidths  than  those  shown  in  Fig.  2.  As-deposited 
films  have  linewidths  of  2.5  kOe,  and  films  annealed  above 
500  °C  have  linewidths  of  4.0  kOe.  The  as-evaporated  line- 
width  is  attributed  to  a  completely  random  distribution  in  the 
direction  of  the  anisotropy  fields*  of  the  individual  single¬ 
domain  iron  precipitates,  resulting  in  a  powder-pattern  FMR 
lineshape  with  a  linewidth  A//=(5/3)(2/C/M).  Iron  precipi¬ 
tates  in  thin  films  annealed  at  temperature  higher  than  500  °C 
have  grown  into  multidomain  particles  with  a  linewidth'*  A// 
=  (0.7)(47tA//3).  The  smaller  linewidths  of  the  granular 
multilayer — especially  that  of  the  parallel  resonance — shows 
that  the  layer  formation  has  restricted  the  spread  in  particle 
orientations,  constraining  it  to  be  a  less-than-random  distri¬ 
bution.  In  the  following  section,  we  present  some  ideas  on 
this  matter,  which  also  serve  to  explain  why  is  so  much 
larger  than  A//|j . 

III.  NETZELMANN’S  CONJECTURE 

The  underlying  multilayer  structure  can  distort  the  shape 
of  the  iron  precipitates  by  (a)  inducing  uniaxial  distortions  in 
what,  otherwise,  would  be  a  sphere,  or  (b)  produce  a  collec¬ 
tion  of  pancakelike  i.nagnetic  particles  partially  aligned  along 
the  layers.  These  alternatives  are  the  two  extremes,  neither  of 
which  may  prevail  in  practice.  The  high-sensitivity  NiFe-Ag 
granular  multilayers  produced  by  the  IBM  group’  belong  to 
group  (b). 

We  now  assume  that  the  sample  is  a  collection  of  nearly 
flat  islandlike  particles — a  discontinuous  multilayer.  (Assum¬ 
ing  that  the  particles  are  spheroids  aligned  parallel  to  the 
layer  direction  does  not  alter  oar  quantitative  conclusions, 
and  can  be  treated  in  the  same  manner.)  Each  particle  is 
characterized  with  a  demagnetization  tensor  Np ,  and  the  thin 
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lABLE  I.  Values  for  Kind  demagnetizing  factors. 


Effective 

demagnetizing 

factor 

Prependicular 

resonance 

Parallel 

resonance 

N, 

47r/+4ir(l-/)(l-2e) 

4irl-/)e 

N, 

4Tr(l-/)e 

4'7r/+4'7r(l-/)(l-2e) 

N, 

4^(1 -/)c 

4'!r(l-/)« 

film  is  characterized  with  a  tensor  N, .  Netzelmann’  has  pro¬ 
posed  that  the  effective  magnetostatic  energy  density  Ff^  be 
approximated  as 

FAt=5(l-/)M.Np.M-t-i(/)M-N,-M,  (2) 

where  /  is  the  volumetric  filling  factor  of  magnetic  particles 
and  M  is  the  particle  magnetization.  Except  for  the  constraint 
imposed  by  Eq.  (2),  each  particle  is  assumed  to  precess  in¬ 
dependently  during  FMR.  Netzelmann^  and  Yu,  Harrell,  and 
Doyle*  have  used  this  approach  to  determine  particle  orien¬ 
tation  distributions  from  FMR  spectra  in  magnetic  tapes. 

The  generalized  Kittel  equation,*  applicable  to  an  ellip¬ 
soid  with  demagnetizing  factors  designated  by  N^,Ny,  and 
N^,  is 

f/y^{[H^+{Ny-N,)Mo][Ho+{N,-N,)Mo]y>\  (3) 

where  the  z  axis  is  always  in  the  direction  of  the  applied  field 
Hq,  and  the  y  and  x  axes  are  perpendicular  to  z.  Choosing 
diagonal  values  Np=47r(l-2e,e,e)  and  N,=47Kl,0,0),  ap¬ 
propriate  to  an  ellipsoidal  particle  and  a  thin  film,  respec¬ 
tively,  we  obtain  the  following  values  for  the  Kittel  demag¬ 
netizing  factors,  for  parallel  and  perpendicular  resonance,  as 
shown  in  Table  1. 

We  now  assume  that  the  FMR  linewidth  is  primarily 
caused  by  a  flat  distribution  of  particle  ellipticity  parameters 
6,  which  vary  between  e=0  and  e=6b-  Using  Eq.  (3),  the 
perpendicular  resonance  linewidth  is  given  by 
A//x=47rMo^(l-/),  from  which  we  obtain  the  value 
^=0.12  from  the  experimental  value  of  A//^ .  The 
Netzelmann-Kittel  equation  yields  A//||=0.65  kOe  for  the 
value  of  the  parallel  resonance  linewidth,  compared  to  the 
experimental  value  of  0.97  kOe,  and  shows  why  the  parallel 
resonance  linewidth  differs  than  from  the  perpendicular  reso¬ 
nance  linewidth.  The  equations  also  show  that  the  appropri¬ 
ate  magnetization  to  use  in  the  Kittel  formula  is  the  average 
global  magnetization  for  bom  flat  and  spherical  precipitated 
particles. 

Using  nearly  spherical  particles  with  a  distribution  of 
ellipsoidal  distortions,  instead  of  pancake-shaped  particles, 
yields  the  same  quantitative  conclusions.  However,  using 
nearly  spherical  particles  results  a  larger  discrepancy  in  the 
ratio  of  the  two  linewidths  than  using  nearly  flat  particles. 
However,  from  FMR  linewidths  alone,  we  a.e  hesitant  to 
draw  too  many  conclusions.  Other’  granular  multilayer  sys¬ 
tems  are  found  to  have  flat,  islandlike  precipitates. 

iV.  OTHER  EXPERIMENTAL  RESULTS 

Mossbauer  effect  measurements  were  obtained  at  80  K 
on  the  Cu(50  A)/Fe(10  A)  multilayer  studied  here.  Ihe  spec- 
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tnim  consisted  of  a  hypeifine  field  sextet  with  splittings  ap¬ 
propriate  to  ferromagnetic  a-Fe  and  a  broad  zero-field  “sin¬ 
glet”  which  we  associate  with  the  paramagnetic  irons 
discussed  in  connection  with  Fig.  1.  The  paramagnetic  com¬ 
ponent  is  strong,  in  agreement  with  magnetoresistance  and 
magnetization  results.  The  Mossbauer  measurements  indicate 
that  the  moments  are  in  plane,  as  expected  for  cither  spheres 
or  platelets  with  low  magnetic  anisotropy  imbedded  in  a  thin 
film.  Details  of  another,  more  magnetically  dilute,  multilayer 
have  been  published  elsewhere.® 

The  dynamic  properties  of  this  Fe/Cu  granular 
multilayer  has  been  investigated  between  1.6  and  16  K  by 
examining  the  time  dependence  of  the  thermoremanent  mag¬ 
netization,  otherwise  known  as  the  magnetic  aftereffect.  Be¬ 
low  r*  ‘=4  K  the  magnetic  relaxation  time  becomes  indepen¬ 
dent  of  temperature,  which  we  interpret  as  evidence  of 
quantum-mechanical  tunneling  of  the  single-domain  magne¬ 
tization  of  the  Fe  particles.  Aharoni*®  has  shown  that  shape 
anisotropy,  as  well  as  crystalline  anisotropy,  alters  the  tem¬ 
perature.  r*  at  which  quantum  tunneling  first  appears.  The 
present  study,  which  seeks  to  quantify  the  shape  anisotropy. 


may  influence  the  interpretation  of  the  quantum  tunneling 
results.  Further  discussion  of  this  remarkable  effect  can  be 
found  in  Ref.  11. 

Magnetic  properties  of  similar  granular-multilayer  Fe/Cu 
and  Dy/Cu  films  have  been  published  elsewhere. 
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structural  and  magnetoresistance  studies  in  granular  (Ni8iFeig,Ni8oCo2o)/Ag 
synthesized  from  annealed  multilayers 

X.  Bian,  Z.  Altounian,  J.  O.  Stom-Olsen,  and  A.  Zaluska 

Centre  for  the  Physics  of  Materials  and  Department  of  Physics,  McGill.  University,  3600  University  St., 

Montreal,  Quebec,  Canada  H3A  2T8 

Y.  Huai 

INRS-Energie  et  Materiaux,  1650  montee,  Ste-Julie,  C.  P.  1020,  Varennes,  Quebec,  Canada  J3X 1S2 

R.  W.  Cochrane 

Departement  de  physique  et  Groupe  de  recherche  en  physique  et  technologic  des  couches  minces, 

Universite  de  Montreal,  C.  P.  6182,  Succ.  A.,  Montreal,  Quebec,  Canada  H3C  3J7 

The  structural  and  magnetotransport  properties  have  been  studied  in  (Ni8iFei9,Ni8oCo2o)/Ag 
granular  alloy  films  synthesized  by  the  annealing  of  sputtered  multilayers  containing  ultrathin 
magnetic  layers.  The  magnetic  concentration,  particle  size,  and  morphology  of  the  precipitates  can 
be  controlled  by  adjusting  the  magnetic  layer  thickness  during  the  deposition  process. 
Magnetoresistance  as  large  as  30%  was  found  at  4.2  K  with  a  rather  small  saturation  field  (<2  kOe), 
leading  to  relatively  high  field  sensitivity.  Magnetoresistance  and  saturation  field  in  these  alloy  films 
essentially  depend  on  the  magnetic  precipitate  size,  concentration,  and  annealing  temperature.  The 
temperature  dependence  of  magnetization  and  magnetoresistance  was  also  studied,  and  the 
correlations  among  the  microstmcture,  magnetotransport,  and  magnetic  properties  are  discussed. 


I.  INTRODUCTION 

The  recent  observation  of  giant  magnetoresistance 
(GMR)  for  ferromagnetic  granules  in  a  nonmagnetic  metal 
matrix’’^  adds  a  new  dimension  to  the  phenomenon  of  GMR 
in  magnetic  multilayers.^  High  negative  MR  of  immiscible 
granular  alloy  systems,  such  as  Co-Cu,*’^  and  Co-Ag,'*  have 
extended  our  fundamental  understanding  of  GMR  effects.  It 
has  been  shown  that  the  interface  spin-dependent  scattering 
plays  a  key  role  in  granular  systems  due  to  the  large  surface- 
to-volume  ratio  of  the  magnetic  ultrafine  precipitates;*  how¬ 
ever,  to  be  useful  as  magnetoresistive  sensor  devices,  thin- 
film  materials  with  enhanced  magnetoresistance  in  a  small 
magnetic  field  are  required.  Identifying  a  proper  structure  of 
the  inhomogeneous  system  with  these  characteristics  still  re¬ 
mains  a  key  problem. 

The  important  requirement  for  preparing  gra.’ular  mag¬ 
netic  films  is  to  control  the  size  and  spacing  of  the  magnetic 
precipitates.  In  this  article,  wo  report  the  synthesis  of 
Ni(Fe,Co)/Ag  phase-separated  alloy  films  based  on  the  heat 
treatment  of  multilayered  samples  containing  ultrathin  NiFe 
or  NiCo  layers.  Selecting  a  soft  magnetic  alloy  (e.g.  Ni8iFe,9 
or  Ni8oCo2o)  which  has  an  intrinsically  small  magnetocrys¬ 
talline  anisotropy  and  which  is  insoluble  in  Ag  over  a  wide 
composition  range,®  may  result  in  enhanced  MR  and  small 
saturation  fields. 

II.  EXPERIMENTAL  DETAILS 

The  (Ni8iFei9,Ni8oCo2o)/Ag  multilayers  with  individual 
magnetic  layers  ranging  from  "  7  A  and  Ag  layers  of  20  to 

22  A  were  prepared  by  dc  magnetron  sputtering  from  sepa¬ 
rate  targets  of  Ni8iFe,9  or  Ni8oCo2o  alloy  and  Ag  onto  glass 
substrates  at  room  temperature.  The  background  pressure 
was  <2X10"’  Torn  With  a  sputtering  pressure  of  7.5  niTorr 
of  argon,  the  deposition  rates  (determined  from  the  measured 
thicknesses  of  single  films  by  low-angle  x-ray  reflectivity 


measurements)  were  1.4  A/s  for  NisiFejg  and  1.  6kjs  for  Ag. 
The  individual  layer  thicknesses  of  the  magnetic  alloys  and 
Ag  were  adjusted  to  yield  films  of  magnetic  composition 
between  20  and  45  at.  %.  Total  film  thicknesses  were  900- 
1200  A.  All  the  samples  were  examined  as  deposited  and 
postheat  treated  under  a  vacuum  of  <2X10"®  Torn  • 

The  structural  characterization  of  the  samples  were  per¬ 
formed  by  low-  and  high-angle  x-ray  diffraction  using  Cu- 
Ka  radiation’  and  a  high-resolution  Philips  200  kV  (CM20) 
transmission  electron  microscope  (TEM).  The  film  composi¬ 
tions,  as  determined  by  electron  microprobe  measurements, 
were  found  to  be  within  4%  of  the  nominal  values.  The  mag¬ 
netoresistance  measurements  were  carried  out  using  a  four- 
terminal  geometry  and  a  high-resolution  ac  bridge.®  The  cur¬ 
rent  was  in  the  plane  of  the  film  with  the  magnetic  field 
either  in  the  film  plane  and  perpendicular  to  the  current 
(transverse  pj)  or  perpendicular  to  the  plane  (peipendicular 
Pi).  Magnetization  data  between  4.2  and  300  K  were  ob¬ 
tained  using  a  superconducting  quantum-interference  device 
(SQUID)  magnetometer. 

III.  RESULTS  AND  DISCUSSIONS 

The  low  angle  x-ray  reflectivity  spertra  reveal  superlat¬ 
tice  peaks  for  all  the  as-deposited  samples  down  to  a  bilayer 
thickness  of  A=26  A  (with  a  4  A  layer  of  magnetic  compo¬ 
nent),  indicating  a  well-defined  composition  modulation 
along  the  growth  direction.  The  corresponding  high-angle 
x-ray  diffraction  and  electron  diffraction  for  these  samples 
show  that  the  multilayer  films  have  coherent  interfaces  and  a 
highly  textured  structure  with  (111)  orientations  normal  to 
the  film  plane.®  However,  after  annealing  the  samples  at 
450  °C  for  10  minutes,  both  low-  and  high-angle  x-ray  re¬ 
sults  show  that  the  saperlattice  structures  are  washed  out, 
indicating  significant  interdiffusion  during  the  annealing 
stage.  Tire  NiFe  particle  sizes,  observed  from  TEM  images  as 
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FIG.  1.  TEM  micrograph  for  the  sample  (NiFe  4  A/Ag  20  A)X30  annealed 
at  450  °C  for  10  min.  The  inset  is  the  electron  difiraction  pattern  showing 
the  fee  (111)  textured  structure. 


shown  in  Fig.  1,  have  variable  size  up  to  100  A  at  this  an¬ 
nealing  temperature  depending  on  the  original  thickness  of 
the  NiFe  layers.  The  highly  (111)  textured  structures  can  still 
be  seen  in  the  annealed  samples  as  demonstrated  by  the  elec¬ 
tron  diffraction  in  the  inset  of  Fig.  1.  As  the  annealing  tem¬ 
perature  is  increased,  the  superlattice  coherence  is  lost  and, 
the  high-angle  x-ray  peak  intensity,  which  assign  the  (111) 
peak  of  NiFe,  increases  and  becomes  sharper,  indicating  the 
growth  of  NiFe  particles  upon  the  heat  treatment.'* 

Magnetoresistance  measurements  were  performed  be¬ 
tween  4.2  and  300  K  in  magnetic  fields  of  up  to  10  kOe.  The 
results  of  the  as-deposited  multilayers  show  no  apparent 
GMR  and  no  evidence  of  antiferromagnetic  coupling  be¬ 
tween  the  NiFe  or  NiCo  layers  across  the  Ag  spacer,  as  in¬ 
ferred  from  the  magnetization  curves.  However,  the  struc¬ 
tural  and  magnetotransport  properties  are  very  sensitive  to 
the  heat  treatment.  Figure  2  shows  the  dependence  of  MR  at 
4.2  K  on  the  annealing  temperature  ,  for  multilayers  con¬ 
taining  either  ultrathin  NigiFe,9  or  Ni8oCo2o  layers.  The 
maximum  MR  is  found  in  the  samples  annealed  at  300  °C.  In 
sample  NiFe  4  A/Ag  20  A  (i.e.,  24  at.  %  NiFe),  for  example, 
an  appreciable  increase  of  Ap  (=P(//=o)~P(//^//j))  up  to 
85%  is  observed  upon  annealing,  llie  resistivity  p,  however, 
decreases  by  about  a  factor  of  1.4  due  to  the  reduced  struc- 


FIG.  2.  Dependence  of  magnetoresisicnce,  at  4.2  K,  on  the  annealing  tem¬ 
perature  (•)  (NiCo  4  A/Ag  20  A)X30  anu  rC,  (NiFe  4  A/Ag  20  A)X30. 


FIG.  3.  GMR  of  the  (NiFe  t  A/Ag  20  A)X30  films  annealed  at  300  °C,  1  h; 
measured  at  4.2  K.  Solid  line:  field  in  the  film  plane;  dotted  line:  field 
perpendicular  to  the  film  plane;  (a)  rN,Fc=4  A,  or  24  at.  %  NiFe;  (b)  rNiFe=6 
A,  or  30  at.  %  NiFe. 


tural  disorder.  The  net  result  gives  an  enhancement  of  up  to 
30%  for  the  value  of  Ap/p.  The  structural  studies  reveal  that 
such  a  behavior  is  correlated  to  a  structure  which  is  layered 
in  the  film  growth  direction  but  discontinuous  in  the  lateral 
direction.*®  It  is  also  noted  that  the  high-temperature 
(>450  ®C)  annealing  substantially  decreased  the  MR,  as  can 
be  ascribed  to  the  extreme  growth  of  NiFe  grains  or  a  de¬ 
crease  in  surface-to-volume  ratio.  Upon  substitution  of 
NigiFeip  by  Ni8oCo2o,  the  annealing  effect  is  essentially 
similar,  the  relatively  small  magnitude  of  MR  in 
Ni8oCo2o/Ag  may  be  ascribed  to  the  intrinsically  small  mag¬ 
netization  in  this  alloy. 

The  important  feature  of  our  alloy  films  is  their  small 
saturation  fields  compared  with  those  found  in  other  hetero¬ 
geneous  granular  systems.  Figure  3  shows  typical  MR  curves 
of  NigjFeij/Ag  films  annealed  at  300  °C.  Together  with  the 
substantial  high  MR  magnitude,  a  rather  small  saturation 
field  less  than  2  kOe  can  be  deduced  for  the  sample  contain¬ 
ing  a  4  A  NiFe  layer  (i.e.,  24  at.  %  NiFe),  as  inferred  from 
Fig.  3(a).  The  value  is  about  5-10  times  smaller  than  those 
found  in  cosputtered  Co/Cu  (Refs.  1  and  2)  and  Co/Ag‘’ 
granular  alloy  systems.  Further  increase  of  the  magnetic 
layer  thickness  (namely  increasing  the  magnetic  concentra¬ 
tion)  results  in  a  decrease  of  the  MR  as  shown  in  Fig.  3(b). 
The  composition  dependence  of  MR  of  these  films  has  re¬ 
vealed  that  maximum  MR  is  near  the  24  at.  %  magnetic 
content,®  where  the  spin-dependent  scattering,  particularly  at 
the  interface  of  the  magnetic  particles  and  the  metallic  ma¬ 
trix,  may  be  most  effective  according  to  the  model  of 
Zhang.^  The  saturation  fields  H, ,  as  described  in  a  previous 
study,®  are  also  related  to  the  magnetic  concentration.  Even 
smaller /fj  (<1  kOe)  for  NiFe  concentrations  above  35  at.  % 
can  be  obtained.  The  MR  curves,  in  fact,  are  broad  for  the 
field  perpendicular  to  the  film  plane  and  narrow  for  the  field 
in  the  plane  of  the  film  as  can  be  seen  from  Fig.  3,  implying 
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FIG.  4.  Field-cooled  (FC)  and  zero-field-cooled  (ZFC)  magnetization  vs 
temperature  for  NiFe  4  A/Ag  20  A  measured  in  an  external  field  of  40  Oe: 
(a)  as-deposited;  (b)  annealed  at  300  °C,  1  h;  (c)  annealed  at  400  °C,  1  h. 


the  existence  of  some  platelix;  des.  The  small  in 
these  films  may  be  simply  ascribed  lO  the  shape  of  the  mag¬ 
netic  precipitates.  We  also  note  that  the  maximum  MR  oc- 
cur.«  at  zero  applied  field  for  24  at.  %  NiFe  sample  [Fig.  3(a)] 
showing  this  sample  to  be  more  superparamagneticlike, 
while  it  occurs  at  the  nonzero  coercive  fields  for  the  30  at.  % 
NiFe  sample  [Fig.  3(b)]  reflecting  in  some  degree  the  exist¬ 
ence  of  more  stable  single-domain  particles.”  Selecting  and 
controlling  of  the  structural  parameters,  in  order  to  maximize 
MR  and  minimize  ,  is  an  important  aspect  for  the  use  of 
granular  alloy  films  in  magnetic  sensor  application. 

Figure  4  shows  the  zero-field-cooled  (ZFC)  and  field- 
cooled  (FC)  magnetization  data  of  NigiFejg  4  A/Ag  20  A 
sample  measured  as  a  function  of  temperature  in  a  small 
external  field  of  40  Oe.  The  as-deposited  sample  [Fig.  4(a)] 
shows  a  quite  broad  peak  in  the  ZFC  curve  with  the  onset  of 
the  irreversibility  (where  the  FC  and  ZFC  curves  join)  occur¬ 
ring  at  a  slightly  higher  temperature.  The  data  reveal  the 
existence  of  a  large  size  distribution  of  the  magnetic  entities 
in  the  as-deposited  sample  due  to  the  possibly  imperfect  lay¬ 
ered  structure,  and  can  be  interpreted  in  the  so-called  reen¬ 
trant  magnetic  behavior  representing  the  coexisting  of  both 
spin-glass  and  ferromagnetic  orders.*^  The  sample  annealed 
at  300  °C  [Fig.  4(b)]  shows  clearly  a  narrow  ZFC  peak  with 
the  peak  position  (defined  as  the  blocking  temperature)  oc¬ 
curring  at  a  fairly  low  temperature  with  the  irreversibility 
onset  closer  to  the  peak  position.  This  behavior  reflects  the 


possible  formation  of  a  unifor  .  s.ze  distribution  as  the  con¬ 
sequence  of  structural  re’ax-  ■  jn  and  interdiffusion  after  an¬ 
nealing.  Correspondingly,  MR  is  maximum  at  4.2  K,  and 
dramatically  decreases  above  the  blocking  temperature  (>50 
K)  where  the- magnetic  particles  exhibit  superparamagnetic 
behavior.  Heating  the  sample  above  400  °C  [Fig.  4(c)]  in¬ 
creases  the  tnagnetic  stability  with  increasing  the  particle 
size,  as  indicated  by  the  increase  of  the  blocking  temperature 
and  the  onset  of  the  irreversibility.  The  fact  that  both  MR  and 
magnetization  can  be  readily  saturated  in  a  field  of  less  than 
1  kOe,  may  imply  the  formation  of  multidomain  particles, 
but  we  have  no  direct  evidence  for  this. 

IV.  CONCLUSIONS 

We  have  synthesized  phase-separated  (Ni8iFei9, 
NigoCo2o)/Ag  alloy  films  by  annealing  multilayered  struc¬ 
tures  containing  ultrathin  magnetic  layers.  The  magnetic  con¬ 
centration  and  precipitate  size  can  be  controlled  by  adjusting 
the  magnetic  layer  thickness  in  the  deposition  stage  as  well 
as  by  postheat  treatment.  The  alloy  films  display  giant  mag¬ 
netoresistance  with  a  maximum  value  of  30%  at  4.2  K  for 
NiFe  concentration  near  24  at.  %,  and  a  rather  small  satura¬ 
tion  field  of  less  than  2  kOe.  Even  lower  saturation  fields  can 
be  obtained  by  increasing  the  magnetic  concentration  and 
annealing  temperature.  However,  in  order  to  achieve  high 
performance  in  magnetic  sensor  applications,  further  studies 
of  granular  films  will  be  needed  to  explore  a  variety  of  par¬ 
ticle  shapes  and  size  distributions. 
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Giant  ac  magnetoresistance  in  the  soft  ferromagnet  Co7o.4Fe4.6Sii5Bio 

F.  L.  A.  Machado,  B.  L.  da  Silva,  S.  M.  Rezende,  and  C.  S.  Martins 

Depdrtamento  de  Fisica;-Universidade  Federal  de  Pernambuco,  50732-910  Recife, 

Pernambuco,  Brazil 

ac  magnetoresistance  (MR)  measurements  performed  in  thin  ribbons  of  the  amorphous  soft 
fenomagnet  Co7o.4Fe4  gSiisBio  are  reported  with  a  longitudinal  dc  applied  magnetic  field  H  varying 
firom  0  to  ±15  Oe.  The  dependence  of  the  MR  with  the  frequency  /  of  the  measuring  ac  current  was 
investigated  for  0.4^/^100  kHz.  No  significant  frequency  dependence  in  the  resistivity  p  for /f=0 
and  H=±15  Oe  was  found.  For  intermediate  values  of  H,  p[H)  presents  a  peak  in  H  which 
increases  linearly  in  frequency.  The  MR  peak  in  H  at  room  temperature  varies  from  typical  values 
of  0.13%  in  the  low-frequency  range  to  a  giant  value  of  27%  at  100  kHz.  TWo  possible  sources  for 
the  frequency  dependence  of  the  magnetoresistance  in  amorphous  alloys  are  discussed. 
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I.  INTRODUCTION 

Earlier  magnetic  studies  showed  that  the  amorphous  al¬ 
loy  Co70  4Fe4,jSi,5Bio  is  a  soft  ferromagnet  with  a  magnetic 
permeability  strongly  dependent  on  the  applied  magnetic- 
field  frequency  and  on  its  thermal  history.*  In  addition  this 
alloy  shows  spin-glass-like  properties  at  high  temperatures 
and  low  fields  which  can  be  understood  within  the  random 
anisotropy  model  (RAM).^’^  More  recently  we  observed'*  that 
the  magnetoresistance  (MR)  in  this  alloy  presents  a  peak  in 
//=2.4  Oe  resulting  from  two  contributions:  the  first  one 
increasing  with  the  applied  magnetic  field  (MRoH^)  and  the 
second  one  decreasing  with  (MRa-A/^).  This  behavior 
was  observed  for  samples  annealed  in  a  magnetic  field  of  2 
kOe.  For  samples  annealed  in  H-Q  the  MR  values  are  quite 
small  compared  to  those  observed  in  magnetic-field  annealed 
samples.  In  Ref.  4,  we  reproduced  quite  well  the  MR 
magnetic-field  dependence  using  the  rotational  model  for  in¬ 
duced  transverse  anisotropy  (RMITA)  and  the  measured 
magnetization.  However,  because  of  the  strong  frequency  de¬ 
pendence  of  the  MR  in  Co7o.4Fe4  6Sii5Bio  reported  in  the 
present  work,  it  seems  to  us  that  the  RMITA  may  not  be  the 
correct  model  to  account  for  the  observed  behavior.  In 
this  article  we  also  discuss  possible  theoretical  models  for 
this  new  ac  giant  magnetoresistance  efrect. 


II.  TECHNIQUE  AND  EXPERIMENTAL  RESULTS 

The  magnetoresistance  was  measured  at  room  tempera¬ 
ture  using  an  ac  four-probe  technique.  The  frequency  of  the 
ac  current  was  varied  in  the  range  0.37^/^97.73  kOe  while 
its  amplitude  was  kept  constant  at  10  mA.  A  pair  of  Helm¬ 
holtz  coils  oriented  to  minimize  the  Earth’s  field  generated 
the  applied  dc  magnetic  field.  The  electrical  contacts  in  the 
sample  were  made  with  silver  paint.  The  resistance  of  the 
contacts  were  of  the  order  of  few  Cl.  The  samples  were 
pieces  of  a  ribbon  of  Co7o,4Fe4  (iSij5Bio  taken  from  the  same 
batch  of  the  samples  used  in  our  earlier  reported  results.  The 
sample  was  50  fim  thick,  1  mm  wide,  and  1.5  cm  long.  They 
were  annealed  for  15  min  at  573  K  in  a  magnetic  field  of  2 
kOe  applied  transverse  to  the  ribbon  length  but  in  the  plane 


of  the  sample.  The  samples  were  then  cooled  keeping  the 
magnetic  field  on.  The  experimental  setup  and  the  data  ac¬ 
quisition  was  fully  automated. 

The  magnetoresistance  MR  (=10^[p(7/)-p(/f=0)]/ 
p(//=0))  is  plotted  in  Fig.  1  for  /=9.77,  50.77,  and  97.73 
kHz  [curves  (a),  (b)  and  (c),  respectively].  The  arrows  indi¬ 
cate  the  direction  the  magnetic  field  was  swept.  Tlie  MR 
curves  are  quite  reversible.  As  reported  earlier, ■*  the  MR  is 
positive  and  shows  two  distinct  regimes  which  results  in  a 
peak  at  //= 2.4  Oe.  For  small  values  of  H,  MR  is  dominated 
by  a  contribution  which  increases  with  the  square  of  the  ap¬ 
plied  magnetic  field.  For  intermediate  and  higher  H,  a 
contribution  becomes  dominant.  The  inset  shows  the  varia¬ 
tion  of  the  maximum  of  the  MR  (squares)  in  the  frequency 
range  of  the  measurements.  The  peak  in  MR  continuously 
increases  with  frequency  with  a  linear  dependence  (solid 
line)  for  almost  three  decades  in  frequency.  Strikingly,  while 
the  low-frequency  MR  is  typical  of  amorphous  alloys,  it  as¬ 
sumes  a  giant  MR  of  27%  for  f =91.13  kHz. 


FIG.  1.  Magnetoresistance  MR  {=10^p(H)-p(//=0)]/p(i/=0)}  vs  ap¬ 
plied  magnetic  field  H  curves  for  three  different  values  of  measuring  current 
frequency:  (a)  9.77,  (b)  50.77,  and  (c)  97.73  kHz.  The  arrows  indicate  the 
direction  the  magnetic  field  was  swept.  The  inset  shows  the  frequency  de¬ 
pendence  of  the  maximum  in  MR  observed  for  H=‘2.4  Oe. 
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III.  DISCUSSIONS  AND  CONCLUSIONS 

In  an  attempt  to  understand  the  frequency  dependence  of 
the  magnetoresistance,  we  discuss  a  model  for  the  transport 
properties  of  electrons  in  a  medium  with  magnetic  domains. 
This  model  has  been  extensively  used  by  Berger^  for  dc  and 
for  fast  rising  pulses,  but  not  for  ac  cunents.  The  basic  as¬ 
sumption  of  the  model  is  that  the  domain  walls  experience 
two  forces:  the  Lorentz  force  resulting  from  the  relative  mo¬ 
tion  of  the  electrons  through  the  domain  wall  and  a  pinning 
force  associated  with  the  coercive  field  .  We  extend  the 
model  for  ac  currents  assuming  that  for  small  enough  forces 
the  domain  pinning  can  be  replaced  by  a  restoring  force  pro¬ 
portional  to  the  displacement  x„  of  the  wall  away  from  the 
equilibrium  position, 

2M, 

——{^Ve-v„)-kx„=MJc„,  (1) 

A*' 


FIG.  2.  Frequency  dependence  of  the  resistivity  p  for  H=0  (triangles), 
H=  14.6  Oe  (circles),  and  for  H=‘2.4  (squares)  where  the  maximum  in  the 
resistivity  is  observed  (pgui). 


We  show  in  Fig.  2  the  resistivity  p  in  /rficm  versus 
frequency  for  three  different  field  values,  H=0  (triangles), 
14.6  Oe  (circles),  and  for//='2.4  Oe  (squares)  which  is 
the  value  for  the  peak  in  p(H)  i-pmtx)-  Clearly  the  fre¬ 
quency  dependence  observed  for  H= 0  and  for  H=  14.6  Oe 
is  very  small  compared  to  that  of  the  peak. 

In  Fig.  3  we  reproduced  the  room-temperature  magneti¬ 
zation  M  versus  applied  magnetic  field  curve  used  to  fit  the 
data  reported  in  Ref.  4.  This  curve  was  obtained  for  a  sample 
with  approximately  the  same  dimensions  of  those  used  to 
measure  MR. 


H  (Oe) 


FIG.  3.  Magnetization  vs  applied  magnetic  field  for  Co704Fe4  48125810 
(squares).  The  dimensions  of  the  sample  are  about  the  same  as  those  used  to 
measure  the  MR.  Note  that  the  values  of  M{H)  are  normalized  by  the 
magnetization  measured  for  H=6.21  Oe  and  the  coercive  field  is  quite 
small  (0.002  Oe).  The  solid  line  is  a  guide  to  the  eyes. 


where  yS  is  a  parameter  which  depends  on  the  material,  is 
the  saturation  magnetization,  /t  is  the  wall  mobility,  and 
Vyj  are  the  electron  and  wall  velocities,  respectively,  and  M^, 
is  the  wall  mass.  For  the  electron,  besides  the  Lorentz  force, 
the  equation  of  motion  has  also  a  force  caused  by  the  ac 
applied  electric  field  E  and  the  Drude  relaxation  term, 

2M,  V, 

—  i^Ve-vJ-m—  -eEe~'‘^'=mXe,  (2) 

yU.  T 


with  T  being  the  electron  relaxation  time,  m  the  electron 
mass,  and  x^  its  displacement.  Assuming  that  M^,  is  negli¬ 
gible  and  solving  Eqs.  (1)  and  (2)  for  Ve ,  one  gets  the  current 
density  and  the  resistivity  (j=  -nev..=Elp), 


P-Po 

Po  \  k^+(o^A^I 


(3) 


where  A^2MJp^  Po  is  the  Drude  resistivity,  and  we  used 

p=\. 

This  model  does  predict  a  frequency  dependence  for 
MR.  There  is  an  initial  decrease  of  MR  with  increasing  fre¬ 
quency  /  which  saturates  for  ofA^Pk^,  and  the  MR  is  ap¬ 
proximately  linear  in  some  frequency  range.  However,  the 
predicted  frequency-dependent  MR  is  negative,  whereas  our 
measurements  indicate  a  positive  MR.  Notice  that  because  of 
the  logarithmic  time  decay  of  the  magnetization  some  mod¬ 
els  also  include  a  restoring  force  in  the  equation  of  motion 
for  the  domain  with  a  time-dependent  coefficient.^  However, 
this  contribution  does  not  seem  to  predict  a  linear  increase  of 
MR  with  CO. 

TVo  theoretical  models  predict  a  —M^  contribution  to 
MR.  The  first  one,  which  falls  in  the  class  of  the  model 
described  above,  is  based  on  eddy  currents  due  to  nonuni¬ 
form  cunent  in  the  sample.^  Unfortunately,  such  a  mecha¬ 
nism  does  not  account  for  the  observed  frequency-dependent 
MR.  The  second  model  predicts  a  scaling  of  the  magnetore¬ 
sistance  in  spin-glass-like  systems’’*  with  Af’.  Essentially, 
this  model  shows  that  for  this  kind  of  magnetic  phase  the 
magnetoresistance  is  proportional  to  the  Edward-Anderson 
order  parameter 

Q=  lim  ([5.(r,)5,(r2)])avg 
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which  is  essentially  given  by  the  spin-spin  correlation  func¬ 
tion  at  site  i.  The  correlation  function  is  also  frequency  de¬ 
pendent  [~ft)T/(l+c<>^7^)]  which  has  a  linear  behavior  in  the 
limit  wT^l,  where  t  is  the  spin  relaxation  time.  Because  of 
the  spin-glass-like  properties  of  this  material^  associated  with 
its  frequency-dependent  magnetic  permeability,  it  is  possible 
that  the  linear  dependence  of  MR  with  <0  is  due  to  the  ran¬ 
dom  anisotropy  existing  in  amorphous  magnetic  alloys. 

Giant  magnetoresistance  has  also  been  observed  in  other 
nonmultilayers  magnetic  system.®’^®  We  note,  however,  that 
our  system  shows  this  property  at  room  temperature  and  the 
saturation  fields  are  quite  low  compared  with  granular  mate¬ 
rials.  These  characteristics  makes  amorphous 
Co7o.4Fe4  gSiisBjo  interesting  for  some  technological  applica¬ 
tions. 
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(1992). 
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Oh  the  resistivity  minimum  in  amorphous  metallic  spin-glasses  (abstract) 

J.  Koetzler  and  G.  Thummes®^ 

Institut  fiir  Angewandte  Physik,  Universitat  Hamburg,  D-20355  Hamburg,  Germany 

Though  the  occurrence  of  a  low-temperature  resistivity  minimum  is  a  rather  general  feature  of 
magnetic  metallic  glasses,  its  origin — ^whether  magnetic  or  structural — is  still  under  debate.  We  have 
performed  temperature  and  magnetic-field-dependent  measurements  of  the  resistivity  p(T,B)  and 
the  magnetization  M(T,B)  on  amorphous  Nigo-^Fe^^SigBij  below  and  above  the  critical 
concentration  for  ferromagnetic  order  (x<;=4).  In  the  ferromagnetic  and  reentrant  phases  p(r-»0) 
increases  as  which  can  be  related  to  a  quantum  effect  from  modified  electron-ele<  .ron 

interaction  in  the  presence  of  structural  disorder.*  In  marked  contrast,  in  the  conventional  spin  glass 
(x=2.4)  p(r^0,B=0)  exhibits  a  linear  increase  below  the  freezing  temperature  Tf=6.2  K.  A 
reanalysis  of  literature  data  reveals  a  linear  upturn  of  p(7’— ^0)  to  occur  in  other  amorphous  spin 
glasses,  too,  with  a  quasi-universal  law:  Ap/p<«-4(2)  TITf.  This  finding  will  be  discussed  in 
teims  of  elastic  scattering  from  the  spin-glass  order  parameter^  and,  alternatively,  in  terms  of 
quantum  interference  on  closed  diffusion  paths  in  the  presence  of  inelastic  spin-flip  scattering. 

Recently,  for  the  latter  case,  a  linear  T-law  has  been  predicted  to  evolve  from  a  crossover  from 
dynamic  spin  scattering  to  the  static  limit  at  zero  temperature.^ 


“*Also  at:  Institut  fiir  Angewandte  Physik,  Justus-Liebig-Universitat, 
D-35392  Giessen,  Germany. 

'G.  Thummes  et  at.,  Z.  Phys.  B  69,  489  (1988). 

*K.  H.  Fischer,  Z,  Phys.  B  34,  45  (1979). 

^V.  L.  Falko,  JETP  Lett.  53,  342  (1991). 
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Depenjdence  of  the  anisotropic  magnetoresistance  on  aspect  ratio  in  cobalt 
films  (abstract) 

Mark  Tondra,  B.  H.  Miller,  and  E.  Dan  Dahiberg 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  116  Church  Street  S.  E.,  Minneapolis, 

Minnesota  55455 

High  quality  measurements  of  the  anisotropic  magnetoresistance,  defined  as  the  difference  in  the 
resistivities  when  the  saturated  sample  magnetization  is  parallel  and  perpendicular  to  the  current,  are 
performing  using  four  terminal  measurements.  What  is  occasionally  not  considered  in  these 
measurements  is  the  geometry  of  the  sample  and  contacts.  This  work  reports  how  the  anisotropic 
magnetoresistance  (AMR),  measured  with  four  in-line  point  contacts  attached  to  thin  film 
specimens,  is  ^ected  by  the  geometry  of  the  films.  Cobalt  samples  were  lithographically  narrowed 
in  2  mm  steps  fi:om  10  mmXlO  mm  to  2  mmXlO  mm.  For  each  of  the  five  sizes,  the  AMR  and 
resistivity  were  measured  using  the  four-probe-in-line  technique  with  3  mm  from  one  contact  to  the 
next.  The  results  show  that  the  measured  AMR  increases  by  a  factor  of  2  from  the  widest  to 
narrowest  size.  This  width  dependence  of  the  AMR  arises  from  spreading  of  the  current  between  the 
voltage  contacts.  In  order  to  make  an  accurate  assessment  of  the  AMR,  the  cunent  across  the  entire 
width  of  the  sample  must  be  parallel  to  the  line  joining  the  voltage  contacts.  Similar  work  has  been 
performed  by  A.  Iwaide  et  al,  and  published  in  J.  Magn.  Soc.  Jpn.  16,  197  (1992).  The  results 
reported  in  this  abstract  are  in  agreement  with  those  in  the  above-mentioned  paper. 


Nonosciilatory  behavior  in  the  magnetoresistance  of  Cu/Ni  superlattice 
(abstract) 

W.  Abdul-Razzaq 

Physics  Department,  West  Virginia  University,  Morgantown,  West  Virginia  26506-6315 

It  was  reported  that  in  many  magnetic/nonmagnetic  metallic  multilayered  systems,  the 
interlayer-coupling  oscillates  between  antiferromagnetic  and  ferromagnetic  upon  increasing  the 
thickness  of  the  nonmagnetic  layer.  This  was  evident  by  the  oscillation  of  the  magnetoresistance 
(MR)  in  these  materials.  Recently  however.  Harp,  Parkin  et  al}  found  that  the  MR  and  coupling 
strength  change  monotonically  with  increasing  Cu  thickness  in  Co/Cu  multilayers  deposited  by 
MBE,  contradicting  results  on  similar  samples  made  by  sputtering  in  which  the  MR  was  oscillatory. 

In  this  study,  we  show  that  in  the  Cu/Ni  superiattice  made  by  sputtering,  the  MR  varies 
monotonically  with  increasing  Cu  thickness.  This  nonoscillatory  behavior  was  observed  at  room 
temperature  and  at  77  K  and,  regardless  of  the  direction  of  the  magnetic  field  in  relation  to  the 
direction  of  the  current.  Tlie  resistivity  at  zero  magnetic  field  as  a  function  of  temperature  also 
changes  systematically  with  reducing  the  Cu  layer  thickness.  The  nature  of  the  magnetic  state  in 
Cu/Ni  superiattice  is  discussed  in  light  of  the  transport  property  measurements. 


‘G.  P.  Harp,  S.  S.  Parkin,  et  al.,  Phys.  Rev.  47,  8721  (1993). 
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Preparation  and  magnetic  properties  of  Mn4N  fiims  by  reactive  facing 
targets  sputtering 

Shigeki  Nakagawa  and  Masahiko  Naoe 

Dept,  of  Physical  Electronics,  Tokyo  Institute  of  Technology,  2-12-1  0-okayama,  Meguro,  Tokyo  152,  Japan 

Ferrimagnetic  Mn4N  films  have  been  successfully  prepared  at  low  process  temperatures  using  the 
facing  targets  sputtering  apparatus.  The  mixture  gas  of  Ar  and  N2  with  the  ratio  of  N2  in  pressure  to 
total  gas  of  10%  was  optimal  as  the  reactive  working  gas  for  depositing  Mn4N  films,  since  the 
deposition  at  excessive  tended  to  cause  the  formation  of  Mn3N2  crystallites.  In  fact,  they 
appeared  in  films  deposited  at  Rff^  higher  than  30%.  The  film  deposited  at  the  substrate  temperature 
Tj  of  200  ®C  exhibited  saturation  magnetization  47rAf  ^  of  about  300  G.  The  films  prepared  at  of 
350  ®C  exhibited  4  ttM^  and  an  in-plane  coercivity  of  450  G  and  300  Oe,  respectively.  The  films 
annealed  at  400  "C  in  vacuum  furnace  exhibited  4irMj  larger  than  about  510  G.  However,  the  film 
annealed  at  temperature  above  500  °C  exhibited  smaller  than  80  G. 


I.  INTRODUCTION 

Mn4N  is  well  known  as  a  typical  ferrimagnetic  material 
with  an  effective  moment  of  Bohr  magnetons  of  1-1.2/aj  per 
unit  cell.*"^  However,  it  is  very  difficult  to  synthesise  bulk 
Mn4N,  because  its  process  needs  a  gas-solid  reaction  at  high 
temperatures  without  the  inclusion  of  oxygen.'*  Sputtering 
techniques  seem  to  be  suitable  for  preparing  Mn4N  films 
even  on  substrates  at  low  temperatures,  because  the  surface 
mobility  of  adatoms  may  be  sufficiently  high.  In  this  study, 
Mn4N  films  have  been  successfully  deposited  on  substrates 
at  low  temperatures  by  reactive  sputtering  and  their  magnetic 
properties  have  been  investigated. 

II.  EXPERIMENTAL  PROCEDURE 

The  specimen  manganese  nitride  (Mn^^N)  films  were  pre¬ 
pared  using  a  facing  targets  sputtering  (FTS)  apparatus.® 
They  were  deposited  on  Si  wafers  by  sputtering  a  pair  of 
targets  of  sintered  Mn  disks  in  a  mixture  of  Ar  and  N2  gases, 
with  the  total  pressure  during  deposition  set  at  2  mTorr.  The 
ratio  in  pressure  of  N2  gas  to  the  mixture  ranged  from  0 
to  40%.  The  substrate  temperature  T,  was  varied  from  40  to 
400  ®C.  The  deposition  rate  and  thickness  of  Mn;tN  films 
were  about  150  A/min  and  2000  A,  respectively.  Post¬ 
annealing  processes  were  performed  for  1  h  in  an  evacuated 
furnace  at  residual  gas  pressure  below  l.OX  10"®  Torr  at  tem¬ 
perature  of  350,  400,  and  500  °C. 

III.  RESULTS  AND  DISCUSSION 

The  nitridation  degree  and  crystal  structure  in  films  de¬ 
posited  at  Tj  of  40  “C  varied  with  increase  of  .  X-ray 
diffraction  studies  told  that  the  increase  of  range 

from  7.5%  to  20%  changed  the  preferential  orientation  of  the 
a-Mn  crystallites  from  (411)  to  (332)  and  caused  an  apparent 
lattice  expansion  in  the  crystallites.  Mn3N2  crystallites  with 
an  excessive  degree  of  nitridation  were  evident  in  films  de¬ 


posited  at  higher  than  30%.  Therefore,  Rf^^  above  30% 
seemed  to  be  too  high  for  forming  Mn4N  crystallites.  Ac¬ 
cordingly,  it  was  predicted  that  between  5% 

and  20%  was  appropriate  for  synthesizing  Mn4N  films. 

Figure  1  shows  the  variation  of  x-ray  diffraction  patterns 
of  films  deposited  at  T,  of  250  °C  for  various  .  Although 
they  reveal  a  complicated  mixture  composed  of  a-Mn  and 
Mn,N  crystallites,  the  films  deposited  at  /?Nj  below  10% 
possess  Mn4N  crystallites,  as  clearly  seen  in  these  diffraction 
patterns.  The  increase  of  R^^^  up  to  20%  prevented  the  syn¬ 
thesis  of  Mn4N  crystallites.  The  deposition  at  of  about 
10%  seemed  to  be  suitable  for  synthesizing  the  Mn4N  films 
in  this  reactive  sputtering  method. 

Figure  2  shows  the  dependence  of  the  saturation 
magnetization  4^4/^  for  the  films  deposited  at  T,  of  250  °C. 


Mn.N 

(lll)a-Mn  a-Mn 


FIG.  1.  Variation  of  x-ray  diffraction  patterns  of  the  films  prepared  at  T,  of 
250  °C  for  various  ■ 
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FIG.  2.  Unj  dependence  of  saturation  magnetization  47rA/j  for  films  pre¬ 
pared  at  T,  of  250  °C. 


Large  4'nrMj  had  been  exhibited  in  the  films  for  which  the 
x-ray  diffraction  intensity  /x.d.  from  Mn4N  crystallites  was 
large,  as  shown  in  Fig.  2.  It  was  found  that  films  deposited  at 

of  10%  have  the  largest  amount  of  ferrimagnetic  Mn4N 
crystallites.  The  films  deposited  at  T,  and  of  250  ®C  and 
10%,  respectively,  exhibited  AttM,  of  about  220  G. 

Figure  3  shows  the  variation  of  x-ray  diffraction  patterns 
of  films  deposited  at  R^^  of  10%  for  various  .  Although 
the  film  deposited  at  at  40  ®C  revealed  a  diffraction  pat¬ 
terns  corresponding  to  a-Mn  crystallites,  it  was  seen  that  the 
elevation  of  Tj  caused  the  formation  of  Mn4N  crystallites 
and  a  decrease  in  /x.d.  for  a-Mn  crystallites. 

Figure  4  shows  the  Tj  dependence  of  perpen¬ 

dicular  coercivity  Hd ,  and  in-plane  coercivity  //<.||  for  films 
deposited  at  R^^  of  10%.  It  was  seen  that  films  deposited  at 
Ts  higher  than  200  "C  were  ferrimagnetic.  The  elevation  of 
Tj  up  to  about  350  °C  enhanced  the  formation  of  ferrimag- 
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FIG,  4.  T,  dependence  of  AttM,  ,  perpendicular  coercivity  and  in-plane 
coercivity  1/^1  •  for  file's  deposited  at  of  10%. 


netic  Mn4N  crystallites.  The  film  deposited  at  of  350  “C 
exhibited  47rA/,  of  about  480  G.  Hd  took  relatively  large 
values  for  films  with  a  large  amount  of  ferrimagnetic  crys¬ 
tallites.  It  was  indicated  that  the  film  with  the  largest  AvA/g 
revealed  weak  perpendicular  magnetic  anisotropy.  Since  the 
Mn4N  crystal  itself  owns  a  cubic  symmetry,  the  perpendicu- 
'  lar  magnetic  anisotropy  seemed  to  originate  from  the  shape 
anisotropy  of  ferrimagnetic  Mn4N  grains  in  paramagnetic 
manganese  nitride  matrix  and,  in  addition,  stress-induced  an¬ 
isotropy  through  magnetostrictive  effect.  The  films  deposited 
at  Tj  of  350  ®C  exhibited  4irA/j,  Hex  >  ^c||  of  450  G, 

1200  Oe,  and  300  Oe,  respectively. 

It  is  well  known  that  bulk  Mn4N  has  been  formed  at  a 
high-temperature  process  in  a  nitrogen  atmosphere.'*  A  study 
of  post-annealing  the  as-deposited  films  seemed  to  be  useful 
to  investigate  the  formation  process  of  Mn4N  crystallites. 
Figure  5  shows  the  variation  of  x-ray  diffraction  patterns  of 
the  film  deposited  at  and  Rj^^  of  40  'C  and  10%,  respec¬ 
tively,  and  annealed  at  various  annealing  temperatures  . 


Mn,N  a  -Mn 

(111)  (332) 


FIG,  3.  Variation  of  x-ray  diffraction  patterns  of  the  films  deposited  at 
Rs2  for  various  Fj . 
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FIG.  5.  Variation  of  x-ray  diffraction  patterns  for  films  annealed  at  various 
annealing  temperature  . 
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FIG.  6.  Dependence  of  AttM,  on  annealing  temperature  . 


Although  the  as-deposited  film  did  not  possess  Mn4N  crys¬ 
tallites,  the  film  annealed  at  higher  than  300  °C  was 
clearly  found  to  possess  those  crystallites.  However,  the  film 
annealed  at  higher  than  500  °C  revealed  a  complicated 
diffraction  pattern  for  16  between  40°  and  43°.  Such  a  com¬ 
plicated  pattern  seemed  to  originate  from  a  mixture  com¬ 
posed  of  several  types  of  crystallites.  The  complicated  struc¬ 
ture  did  not  show  enhanced  ferrimagnetism.  Figure  6  shows 
the  dependence  of  47rA/, .  The  films  annealed  at  400  °C 
in  vacuum  exhibited  AirMs  larger  than  about  510  G.  How¬ 


ever,  the  film  annealed  at  above  500  °C  exhibited  smaller 
4'jrMj  of  80  G.  The  nitrogen  dissociation  from  the  films  and 
the  recrystallization  of  other  phase  crystallites  seemed  to 
cause  the  decrease  of  47rM^ . 

IV.  CONCLUSION 

The  preparation  of  ferrimagnetic  Mn4N  films  has  been 
attempted  in  this  study  using  a  facing  targets  sputtering 
(FTS)  apparatus.  of  10%  was  appropriate  for  deposition 
of  Mn4N  films  at  T,  higher  than  200  °C.  Deposition  at  ex¬ 
cessive  tended  to  cause  the  formation  of  nonmagnetic 
Mn3N2  crystallites.  The  film  prepared  at  and  of 
350  °C  and  10%,  respectively,  revealed  a  mixed  phase  of  Mn 
and  Mn4N.  The  film  possessed  AttM^  ,  //^n ,  and  H^x, ,  of  450 
G,  300  Oe,  and  1200  Oe,  respectively.  The  films  annealed  at 
400  °C  in  vacuum  exhibited  4irMj  larger  than  about  510  G. 
However,  the  film  annealed  at  temperatures  above  500  °C 
exhibited  AttM^  below  80  G.  Consequently,  ferrimagnetic 
Mn4N  films  have  been  successfully  prepared  even  at  rela¬ 
tively  low  process  temperatures  using  the  reactive  FTS  ap¬ 
paratus. 

'R.  Juza,  H.  Puff,  and  F.  Wagenknccht,  Z.  Elecirochem.  61,  804  (1957). 
^W.  J.  Takei,  G.  Shirane,  and  B.  C.  Frazer,  Phys.  Rev.  119,  122  (1960). 
’W.  1.  Takei,  R.  R.  Heikes,  and  G.  Shirane,  Phys.  Rev.  125,  1893  (1962). 
^M.  Mekata,  J.  Phys.  Soc.  Jpn.  17,  798  (1962). 

*M.  Mekata,  J.  Haruna,  and  H.  Takaki,  J.  Phys.  Soc.  Jpn.  21,  2267  (1966). 
‘M.  Naoe,  S.  Yamanaka,  and  Y.  Hoshi,  IEEE  'Brans,  Magn.  MAG-16, 
64i)  (1980). 
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Magnetovolume  effects  in  strong  paramagnets 

E.  G.  Moroni 

Department  of  Theoretical  Physics,  Royal  Institute  of  Technology,  S-10044  Stockholm,  Sweden 

T.  Jarlborg 

Departement  de  Physique  de  la  Matiere  Condensee,  Universite  de  Geneve,  CH-1211  Geneve,  Switzerland 

We  present  calculations  of  magnetovolume  properties  for  different  strong  paramagnetic  systems 
such  as  ZrV2,  TiBe2,  and  ZrZn2  in  the  C15  structure.  These  materials  show  indications  of  anti-invar 
behavior,  i.e.,  enhanced  magnetostriction,  and  thermal  expansion. 


We  report  in  this  paper  results  of  calculations  based  on 
the  local  spin  density  (LSD)  formalism  of  the  inagnetovol- 
ume  properties  of  several  compounds  in  the  CIS  structure 
such  as  ZrV2,  ZrZn2,  and  TiBe2.  These  compounds  are  par¬ 
ticularly  interesting  examples  of  weak  itinerant  ferromagnets 
as  for  ZrZn2  or  strongly  exchange-enhanced  systems  such  as 
TiBe2  and  ZrV2.  The  electronic  structure  of  these  paramag¬ 
netic  compounds  is  well  known  and  has  been  studied  previ¬ 
ously  mainly  in  connection  with  the  superconductivity,  mag¬ 
netism,  and  electron-phonon  interactions.*’^  TiBe2  is  an 
example  of  strong  exchange-enhanced  paramagnetic  system 
with  a  very  large  Stoner  enhancement  factor.  This  system 
becomes  ferromagnetic  when  doped  with  a  few  percent  of 
Cu,^  while  a  dilute  addition  of  Fe  is  sufficient  to  suppress  the 
enhanced  paramagnetism."*  ZrZn2  shows  weak  itinerant  mag¬ 
netism  and  the  measured  linear  thermal  expansion 
coefficient*’^  shows  a  magnetic  contribution  also  at  260  K, 
much  above  its  Curie  temperature  of  18  K.  ZrV2  in  rhombo- 
hedral  phase  is  superconducting  below  about  8  K  (Ref.  6) 
and  at  a  temperature  much  higher  (about  120  K)  a  structural 
transformation  into  the  CIS  phase  occurs. 

The  fixed-spin-moment  (FSM)  procedure*’’  has  been 
used  *0  determine  self-consistently  the  total  energy  E{V,M) 
at  constraint  magnetization  M  and  at  fixed  volume  V.  The 
equilibrium  properties  are  determined  from  the  minimum 
condition  of  the  total  energy,  when  P(V,M)~Q  and  H(V,M) 
=0.  For  these  compounds  it  is  not  trivial  to  fit  all  the  nearly 
degenerate  local  minima  of  the  total  energy  in  the  (V,M) 
space  and  to  extract  from  the  fitted  total  energy  surface  ac¬ 
curate  information  on  pressure  and  magnetic  field.  Moreover, 
as  is  shown  in  Fig.  1  for  TiBe2,  we  have  found  that  the 
position  of  the  local  minima  of  the  total  energy  depend  sen¬ 
sitively  on  the  exchange-correlation  potential.  More  stable 
results  can  be  obtained  by  use  of  the  computed  pressure 
p(V,M)  function  given  by  Libermann'**  and  Pettifor."  Our 
calculations  use  the  form  of  the  Madelung  potential  derived 
in  Ref.  12,  Using  the  same  technique  we  obtain  also  the 
spin-polarized  electronic  partial  pressures. 

The  spin-polarized  band  structures  and  energies  were  de¬ 
termined  self-consistently  using  the  linear-muffin-tin-orbital 
(LMTO)  method'^’**  and  for  the  exchange-correlation  poten¬ 
tial  we  use  the  LSD  approximation  with  the  parametrization 
of  Vosko  et  al}*  For  TiBe2,  we  also  tested  the  effects  of 
gradient  corrections**  in  describing  the  magnetic  energy  (see 
Fig.  1). 

The  computed  ground-state  properties  for  ZrV2,  ZrZn2, 
and  TiBe2  in  the  Cl 5  structure  are  in  good  agreement  with 


experiments.  For  TiBe2  we  obtain  nearly  degenerate  low- 
moment  (LM)  and  nonmagnetic  (NM)  total  energies,  with 
the  same  lattice  constant  of  11.95  a.u.  The  measured  experi¬ 
mental  value  is  12.18  a.u.  The  computed  bulk  modulus  of 
1.38  Mbar  compares  also  well  with  the  experimental  one  of 
1.32  Mbar.*  The  calculation  of  the  total  energy  for  the  NM 
state  during  the  self-consistent  procedure  is  unstable  due  to  a 
high  and  structured  peak  of  the  density  of  states  near  the 
Fermi  level.  These  features  make  it  difficult  to  analyze  the 
magnetic  energy  from  total  energy  results.  Our  spin- 
polarized  calculations  show  a  very  small  magnetic  moment 
of  0.05  /ij/atom  at  the  Ti  site  for  the  experimental  lattice. 
This  spontaneous  magnetization  result  is  obtained  using  both 
the  Vosko  potential  and  the  gradient-corrected  potential.**  In 
Fig.  1(a)  are  shown  at  the  fixed  experimental  volume  the 
total  energy  behavior  as  a  function  of  the  total  moment  in  the 
unit  cell,  for  two  different  potentials.  The  position  of  the 


FIG.  1.  (a)  Q)mputed  total  energy  E{M)  curve  and  (b)  magnetic  pressure 
SP=P{M)-P{())  vs  magnetic  moment  M.  The  lattice  is  fixed  at  the  ex¬ 
perimental  value.  The  broken  and  full  curves  indicate  the  nonlocal  and  local 
choice  for  the  exchange-correlation  potential. 
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FIG.  2.  Total  energy  vs  magnetic  moment  for  ZrZn2  at  a  =  13.8, 14.2,  and 
14.8.  The  reference  energy  £<,  is  different  for  each  curve  and  corresponds  to 
the  volume-dependent  energy  at  A/=0. 


local  minima  of  the  total  energy  function  arc  not  the  same  for 
the  two  potentials.  Similar  results  have  also  been  obtained 
for  iron  in  the  fee  structure  near  the  NM-FM  instability  re¬ 
gion.  However,  in  Fig.  1(b)  is  shown  that  the  pressure  behav¬ 
ior  as  a  function  of  magnetization  is  almost  the  same  also  for 
different  exchange-correlation  potentials.  The  computed 
pressures  differ  only  by  a  constant  pressure  AP 
=P(0)lsd“^(0)nl“~80  iebar.  Therefore  in  TiBe2  the  cor¬ 
rection  to  the  forced  magnetostriction,  using  gradient- 
corrected  potentials,  comes  essentially  from  the  softer  bulk 
modulus  and  larger  lattice,  rather  than  from  a  different  mag¬ 
netic  pressure  AP(A/).  More  details  can  be  found  in  Ref.  15. 
From  Fig.  1(b)  we  can  estimate  (by  numerical  differentiation 
of  the  pressure  curves)  the  magnetovolume  coupling  for 
TiBe2.  The  estimated  value  at  very  low  applied  magnetic 
field  is  of  the  order  of  1  kbar/ fig .  At  increased  field  the 
estimated  value  is  5  kbar/^Ug  .  The  numerical  estimation  pre¬ 
dicts  a  positive  relative  volume  expansion  of  AV^^/y 
~3.4X10"*  for  a  field  of  1  T.  This  computed  magnetostric¬ 
tion  is  one  to  two  times  larger  with  respect  to  the  measured 
experimental  value.^ 

For  ZrZn2  the  energy  minimum  is  found  at  13.64  a.u. 
while  the  experimental  lattice  is  13.82  a.u.  At  the  experimen¬ 
tal  lattice  we  observe  a  very  low  moment  of  the  order  of 
O.Olfig  on  Zr  site,  in  agreement  with  experiments  that  indi¬ 
cate  a  very  weak  ferromagnetism  in  this  system.  In  Fig.  2  we 
show  E(M)  results  for  ZrZn2  at  different  lattices  constant. 
To  analyze  the  E(M)  curves  we  have  performed  at  each 
lattice  a  Landau  expansion  of  the  energy  in  even  powers  of 
M,  of  the  form,  E~EQ=aM^+/3M*  +  ...,  where  a  and  p 
are  coefficients  depending  on  volume.  Paramagnetism  re¬ 
quires  a  to  be  positive,  and  when  a  goes  to  zero,  the  suscep¬ 
tibility  diverges  and  there  occurs  a  transition  to  the  low- 
magnetic  state.  In  the  case  of  ZrZn2  this  transition  occurs 
near  a  =  14.2  a.u.  The  calculated  results  for  H{V,M)  as  a 
function  of  M  for  two  values  of  the  lattice  constant  are 
shown  in  Fig.  3(a),  while  in  Fig.  3(b)  are  shown  the  results 
for  p(V,M)-  The  dependence  on  M  of  H(V,M)  is  estimated 


FIG.  3.  (a)  Magnetic  field  as  a  function  of  total  moment  for  ZrZnj.  The 
broken  curve  is  obtained  from  the  fit  procedure  of  E(nf),  while  the  open 
squares  are  calculated  via  the  FSM  definition  of  The  full  line 

estimates  //( V, Af )  at  a = 14.8  a.u.,  where  ZrZnj  is  found  to  be  magnetic,  (b) 
Magnetization  dependence  of  the  pressure  in  ZrZn2  for  a =13.8  including  a 
linear  fit. 

by  numerical  differentiation  of  the  Landau  fit  of  the  total 
energy,  and  also  by  the  relation 
//(V,A/)=[£:Jl(F,A/)-4(K,A/)]/2/iB.  As  is  shown  in 
Fig.  3(a)  the  two  different  procedures  give  the  same  results, 
which  provides  a  supplementary  control  of  the  accuracy  of 
the  calculations.  The  slope  A  P/M  is  not  constant  and  can 
change  drastically  depending  on  the  volume.  The  magneto¬ 
volume  coupling  estimated  by  a  linear  interpolation  is  3.7 
kbai/fig  near  the  experimental  volume.  Using 
AV^/V=APmlB  and  with  a  computed  estimation  of  the 
bulk  modulus  of  1400  kbar  we  obtain  a  positive  magneto¬ 
striction  at  a  rate  of  the  order  of  0.2%  per  p,g  .  This  can  also 
be  expressed  as  a  relative  volume  expansion  of  2.9  X 10“^  per 
T.  In  Ref.  5  it  was  found  that  there  is  a  magnetic  contribution 
to  the  thermal  expansion.  This  is  coupled  to  the  magneto¬ 
striction,  but  the  admixture  of  excited  states  makes  a  numeri¬ 
cal  estimate  of  the  thermal  expansion  more  difficult. 

For  ZrV2  in  the  Cl 5  structure  the  computed  ground  state 
has  a  minimum  at  13.7  a.u.  and  the  total  moment  is  zero. 
However,  in  contrast  to  Invar  systems,  such  as  Fe55Ni35,  we 
find  that  the  near  degeneracy  between  NM  and  low  magnetic 
(LM)  excited  configurations  is  extended  over  a  wide  volume 
range  (for  a  between  13.7  and  14.3  a.u.).  The  total  energy 
E(V,M)  arounil  the  local  minimum  shews  a  broad  rather  flat 
region.  Within  this  flat  region  the  low-moment  (LM)  states 
(with  M<3/Zg/cell)  have  an  energy  smaller  than  1  mRy  per 
atom  (or  about  160  K)  above  the  NM  ground  state.  Models 
of  thermal  fluctuations  between  the  LM  to  the  NM  state  de¬ 
scribe  many  Invar  effects.**  Here,  by  choosing  ZrV2,  we 
search  for  an  opposite  situation  in  which  the  ground  state  is 
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Temperature  (K) 

FIG.  4.  Thermal  behavior  of  the  magnetic  thermal  expansion  coefhcient 
a„{T)  in  ZrVj.  a„(r)  is  computed  using  Eq.  (2)  at  two  different  lattices. 


the  small  volume  NM  state,  but  where  small  energy  fluctua¬ 
tions  to  higher-volume  LM  states  are  possible.  Many 
strongly  enhanced  paramagnets  or  very  weak  ferromagnets 
should  have  a  LM  high-volume  state  very  near  to  the  NM 
ground  state,  and  therefore  they  may  be  good  candidates  for 
an  anti-invar  behavior  provided  that  there  is  also  a  large 
difference  between  the  equilibrium  volumes.  We  have  chosen 
ZrV2  as  an  example  of  such  a  system,  since  its  electronic 
structure  is  well  known.  Combining  the  total  energy  results 
with  a  Boltzmann  model  we  estimate  the  magnetic  contribu¬ 
tion  to' thermal  expansion  in  ZrV2.  Therefore,  similar  to  the 
model  of  Ref.  18,  we  perform  a  calculation  in  which  only 
moment  fluctuations  occur.  Contrary  to  the  model  for  Invar 
behavior  in  Ref.  18  here  E(M)  is  so  flat  that  several  states 
have  to  be  included  in  the  sum,  while  for  the  situation  in  the 
Fe3Ni  Invar  system  the  reduction  to  the  two  state  model  was 
possible.  The  thermal  magnetic  pressure  is  calculated  as 

(1) 


with  AP,=P(A/,)-P(0)  and  A£,=£(A/,)-£(0)  and 
where  the  sum  is  over  all  states  with  varying  moment  but 
fixed  volume.  The  result  is  that  AP„{T)  increases  linearly 
with  T,  indicating  that  the  averaged  volume  will  increase  as 
well.  By  computing  the  change  of  magnetic  pressure  with  the 
variation  of  temperature,  w  estimate  the  magnetic  contribu¬ 
tion  to  the  thermal  expansio.  as 


a„{T)  = 


_1_£AP^ 
Br  dT 


(2) 


The  thermal  behavior  of  a„{T),  calculated  at  the  equilibrium 
volume  and  at  a  expanded  lattice,  is  shown  in  Fig.  4.  At  room 
temperature  the  magnetic  pressure  is  increased  to  about  1 
kbar  and  with  a  bulk  modulus  of  1600  kbar,  we  obtain  0.06% 
of  volume  expansion  up  to  room  temperature  (without  pho¬ 
non  contribution). 


The  forced  magnetostriction  in  ZrV2  amounts  to  about 
2.9X10“®  per  T  if  computed  at  a =13.7  a.u.,  while  it  in¬ 
creases  to  59.6x10“®  per  T  at  a  =14.3  a.u.  Thus,  when  com¬ 
puted  at  the  respective  equilibrium  lattice,  we  found  similar 
forced  ma^etostriction,  between  the  three  studied  systems. 
In  ZrV2  there  is  a  large' sensitivity  of  the  forced  magneto¬ 
striction  on  the  lattice  parameter  and  we  interpret  its  positive 
valu*}  as  a  weak  anti-invar  effect.  Also  in  ZrZn2  the  condi¬ 
tions  for  the  same  mechanism  are  present,  while  experimen¬ 
tally,  the  situation  is  complicated  by  the  FM  ordering  at 
low  r. 

The  results  suggest  two  ways  of  detecting  the  anti-invar 
behavior;  one  by  measuring  the  thermal  expansion  effect,' 
and  one  by  measuring  the  expected  large  volume  expansion 
as  a  function  of  applied  magnetic  field.  The  latter  method 
should  be  safer  since  it  does  not  depend  on  thermal  fluctua¬ 
tions.  At  increased  temperatures  the  positive  pressure  due  to 
the  populations  of  the  spin-polarized  states  enhances  the  lat¬ 
tice  of  the  paramagnetic  Cl 5  compound.  It  is  also  possible 
that  the  competition  between  FM  and  NM  states  is  respon- 
siole  of  the  low-temperature  structural  instability  of  ZrV2. 
The  closeness  between  the  paramagnetic  ground  state  and 
the  excited  low-moment  (LM)  states  has  a.so  suggested  that 
enhanced  paramagnets,  like  ZrV2,  may  give  quite  unusual 
effect  in  spectroscopic  measurements.  In  ZrV2,  calculations 
based  on  final  slate  rule  predict  various  signature  of  the  mag¬ 
netic  state  in  form  of  unusual  x-ray  absorption  and  x-ray 
dichroism  spectra.’®'’’ 
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Synthesis  and  characterization  of  FOieNa  in  bulk  form 
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Using  molecular  beam  epitaxy  and  ion  implantation,  Japanese  workers  have  formed  Fej6N2  in  thin 
Fe  films.  They  report  a  large  ma^etic  induction  for  this  nitride,  >2.8  T.  In  the  present  study,  Fe,6N2 
has  been  prepared  in'.bulk  form  by  treating  Fe  powder  with  NH3/H2  gas  mixtures  at  temperatures  in 
the  range  660-670  °G.  The  yphase  alloy,  which  forms  under  these  conditions,  was  quenched  to 
room  temperature  to  form  the  or'-Fe-N  phase  and  then  heat  treated  at  120-150  "C  to  form  the 
a("-Fe-N  phase.  The  a'  phase  has  been  prepared  in  80%  purity,  the  other  phase  being  nonmagnetic 
T'-Fe-N;  The  o''  phase  has  been  prepared  in  50%  purity,  the  impurity  phases  being  or-Fe  and  y-Fe-N. 
Magnetic  measurements  give  saturation  magnetizations  at  room  temperature  of  250±10  emu/g 
(2.6/iB/Fe)  fof  the  a'  phase,  285±10  emu/g  (2.9/ia/Fe)  for  the  ol'  phase,  and  essentially  zero  for 
the  y  phase.  Mossbauer  measurements  confirm  that  nitrogen  austenite  is  nonmagnetic.  The 
anisotropy  of  Fe,6N2  is  small  but  detectable. 


I.  INTRODUCTION 

It  is  well  known  that  when  iron  is  exposed  at  elevated 
temperatures  to  a  mixture  of  NH3  and  H2,  it  forms  several 
nitrides.  One  of  these  Fe  nitrides  is  nitrogen  austenite,  the 
y-Fe-N  phase.  This  is  a  material  in  which  Fe  is  in  a  simple 
fee  arrangement  with  N  distributed  randomly  in  the  octahe¬ 
dral  sites.  Upon  cooling  to  cryogenic  temperatures,  the  y 
phase  undergoes  a  martensitic  transformation  into  a  phase 
termed  a'  or  nitrogen  martensite.  When  nitrogen  martensite, 
which  has  the  stoichiometry  FcsN,  is  heat  treated  at  low  tem¬ 
peratures  (~150  ®C)  it  undergoes  a  structural  transformation 
into  a  phase  termed  ol'.  The  cl'  phase  has  the  stoichiometry 
FeigN2.  The  ol'  phase  is  currently  attracting  much  attention 
because  of  indications  that  it  has  a  giant  magnetic  induction. 

In  a  series  of  classic  papers  published  in  the  late  1940’s 
and  early  1950’s,  Jack  structurally  characterized  both  the  a' 
and  ol'  phases  (as  well  as  several  other  Fe-N  phases). He 
found  the  a'  phase  to  be  tetragonal  with  two  atoms  of  Fe  per 
unit  cell  and  the  ol'  phase  also  to  be  tetragonal  with  one 
formula  unit  of  Fei6N2  per  unit  cell.  The  axial  ratio  is  ~1.1 
for  both  phases. 

Fei6N2  has  been  formed  in  thin  Fe  films  by  a  variety  of 
techniques,  beginning  with  the  work  of  Kim  and  Takahashi.^ 
This  work,  and  later  work  of  a  generally  similar  nature,  in¬ 
dicated  that  nitrogenation  substantially  increases  the  Fe 
moment.^  A  saturation  magnetic  induction  of  2.8-3.0  T  was 
reported  in  these  studies.  In  contrast  with  these  findings,  very 
recent  work  by  Shoji  et  al.^  on  Fe-,^2  produced  through  dc 
sputtering  of  Fe  films  showed  Bjat  no  larger  than  that  of  a  Fe. 

In  view  of  the  discrepancy  between  the  results  of  Shoji 
et  al.  and  those  of  other  investigators,  a  reexamination  of  the 
magnetic  behavior  of  Fei6N2  is  warranted.  In  the  present 
investigation,  bulk  quantities  of  Fei6N2  have  been  prepared 
and  studied  magnetically.  (The  preparation  method  used  was 
essentially  identical  with  that  employed  by  Jack.*""*)  This  is 
in  contrast  with  all  previous  magnetic  work  on  FeigN2  which 
involved  thin  Fe  films. 


*’On  leave  from  the  Institute  of  Physics,  Jagielionian  University,  30-059 
Cracow,  Poland. 


II.  EXPERIMENTAL  DETAILS 

Nitrogen  austenite  (y  phase)  with  different  nitrogen  con¬ 
tents  (Cn=N/100  Fe=6.4-10,7)  was  produced  by  treating 
Fe  powtder  (6-9  /m)  with  a  NH3-H2  gas  mixture  at  1  atm 
pressure  and  at  temperatures  in  the  range  of  660-670  °C  for 
2-3  h.  The  alloy  was  then  quenched  to  room  temperature  or 
lower  by  He  gas  and  liquid  N2  or  liquid  He  to  form  the 
martensite  a'  phase,  followed  by  a  low-temperature  heat 
treatment  at  temperatures  of  120-150  "C  for  0.5-2  h  in 
vacuum  to  form  ol'-Fti^Ni  phase. 

The  phases  present  in  Fe-N  samples  a.td  their  lattice  pa¬ 
rameters  were  determined  by  x-ray  diffraction  (XRD)  using 
Cu  radiation.  Quantitative  analysis  of  the  relative  amounts  of 
each  phase  in  the  Fe-N  samples  was  established  by  the  direct 
comparison  method  of  Cullity,®  based  on  the  measured  inten¬ 
sities  of  XRD  lines  and  using  the  calculation  of  the  structure 
factor  (including  the  multiplicity  factors)  and  the  Lorentz- 
Polarization  factors.  The  nitrogen  content  was  determined  by 
using  the  equations  a  =  3. 575  +  0. 0080  for  y  and  da 

=  1+0.0091  Cn  for  a',  relating  lattice  parameters  to  com¬ 
position.  For  some  samples,  N  content  was  also  measured  by 
weight  increase  after  nitriding.  The  magnetic  properties,  M, 
Tc ,  and  anisotropy,  were  measured  using  standard  methods. 
Measurements  were  made  in  the  temperature  range  of  10- 
1273  K  and  in  fields  of  500  Oe  to  17  kOe.  Hot  XRD  from 
room  temperature  to  700  °C  was  used  to  detect  the  phase 
transitions.  This  was  supplemented  by  TMA  in  a  field  of  500 
Oe  and  at  temperatures  of  10-1273  K. 

III.  RESULTS  AND  DISCUSSION 

A.  Phase  transformation  from  y  to  a'-Fe-N 

A  number  of  Fe-N  austenites  (7  phase)  with  differing  N 
content  (N/lOO  Fe=6.4-10.7)  were  synthesized.  The  N  con¬ 
tents  were  controlled  by  changing  the  ratio  of  NH3/H2.  When 
the  y  phase  was  quenched  from  high  temperature  to  room 
temperature  or  lower,  it  partially  transformed  to  a'  (see 
Table  I).  The  quantity  transformed  depends  on  N  content  and 
quenching  temperature  .  The  crystal  and  magnetic  proper¬ 
ties  of  the  quenched  alloys  are  given  in  Table  I.  For  sample 
6.4,  with  lowest  N  content,  almost  87%  of  the  a'  phase  was 
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TABLE  I.  liie  ciystal  and  magnetic  propeitiK  of  the  quenched  alloys. 


(at.%) 

■ry 

(K) 

y 

a  (A) 

Lattice  parameter 

Of' 

a  (A)  c(A). 

c'a 

Ci%a'f 

(wt%) 

Af' 

(emu/g) 

r/” 

(y-*Qr') 

(K) 

~6.4 

RT 

3.615 

2.857 

3.02^'' 

1.057 

-87 

210 

-RT 

~8.1 

RT 

3.632 

2.852 

3.064: 

1.074 

-72 

177 

-RT-110  K 

LN 

3.632 

2.852 

3.064 

-82 

202 

-10.7 

RT 

3.652 

-0 

3 

30-150  K 

LN 

3.652 

2.846 

3.126 

1.098 

-51 

133 

LHe 

3.652 

2.846 

3.126 

-56 

146 

*Cn  is  the  N  concentration  expressed  as  N/lOO  Fe. 

'’C(%a')  is  the  estimated  concentration  of  the  a'  phase  in  the  quenched  alloy.  Vide  infra. 

'Af  is  the  magnetic'moment  of  the  sample.  It  is  lower  than  Af  for  o'  phase  because  of  the  presence  of  some  nonmagnetic  y  phase. 
^T,  gives  the  temperature  range  in  which  the  y-*a'  transformation  occurs. 


formed  at  room  temperature.  This  sample  carries  a  mapetic 
moment  of  210  emu/g.  For  sample  10.7,  with  the  highest  N 
content,  a  near-zero  mapetic  moment  is  observed  at  room 
temperature.  The  XRD  pattern  indicates  a  single-y  phase 
(Fig.  1).  Oh  quenching  to  liquid-N  or  liquid-He  femperature, 
the  a'  phase  formed  and  the  mapetic  moment  of  the  sample 
increased  to  133  and  146  emu/g,  and  the  relative  amounts  of 
a'  phase  iticreased  to  51  and  56  at.  %,  respectively.  The 
transformation  temperatures  from  yioa',T,,  in  Table  I  were 
obtained  by  TMA  measurements.  It  is  to  be  noted  that  when 
the  N  content  of  the  y  phase  increases,  T,  decreases. 

B.  The  a'  phase 

As  seen  in  Table  I,  the  lattice  parameters  are  composi- 
tionally  dependent.  The  results  obtained  are  in  agreement 
with  the  results  of  others.'*’’  To  determine  the  moment  of  the 
a'  phase,  one  must  ascertain  the  fraction  of  the  sample 
which  is  in  the  a'  phase.  This  is  done  by  XRD  measurements 
of  line  intensities.  In  principle,  this  is  straightforward,  but  in 
practice  it  is  complicated  by  line  overlap  of  the  most  intense 
diffraction  lines  (see  Fig.  2).  The  procedure  employed  is  de¬ 
picted  in  Fig.  3,  in  which  the  measured  moment  is  plotted 
against  the  ratio  of  the  intensities  of  the  two  strong  lines  in 
the  XRD  pattern.  Magnetization  increases  as  the  intensity 
ratio  decreases,  since  the  amount  of  the  nonmagnetic  y  phase 
is  decreasing.  Extending  the  lines  to  /y  (200) =0,  mapeti- 
zation  reaches  248-262  emu/g,  which  can  be  taken  as  the 


FIG.  1.  XRD  of  sample  10.7  in  Table  1. 


mapetic  moment  of  the  a'  phase.  It  seems  that  the  a'  phase 
with  higher  N  content  exhibits  a  higher  moment.  As  seen  in 
Fig.  3,  the.  or'  samples  for  the  lines  A,  B,  and  C  with  different 
N  contents,  the  corresponding  magnetizations  [at  ly 
(200) =0]  are  ~248,  252,  and  262  emu/g,  respectively.  We 
also  used  the  XRD  line  intensities  to  calculate  the  mass  frac¬ 
tion  of  a'  for  these  samples  and  used  these  to  estimate  the 
concentration  of  a'  phase  (see  Table  I)  as  well  as  its  moment. 
Both  results  are  quite  close,  considering  the  ~5%  enor  of 
estimating  intensities. 

C.  a/'  FeieN2  phase 

A  number  of  samples  containing  the  a'  phases  were  heat 
treated  at  temperatures  ranging  from  120  to  150  °C  for  0.5-2 
h  to  fonn  the  a"  phase.  Typical  and  characteristic  XRD  lines, 
(213)  and  (004)  of  o/'  phase,  were  observed  on  a  sample  with 
Cn=10.0,  after  treating  at  150  °C  for  2  h  (as  seen  in  Fig.  4). 
The  other  lines,  202, 220, 400, 224,  and  422,  shifted  from  the 
positions  of  lines  of  original  martensite  a'.  The  lattice  con¬ 
stants  a  and  c  are  very  close  to  that  reported  by  Jack, 
a=5.718  A  and  c  =  6.290  A.  The  magnetic  moment  in¬ 
creases  from  182  to  189  emu/g  when  the  a'  phase  transforms 
to  o''.  The  sample  was  estimated  to  contain  56  o",  12%  a  Fe, 
and  31%  y.  The  estimated  moment  is  ~285  emu/g  for  o''.  As 
with  the  analysis  of  the  moment  of  the  o'  phase,  we  plotted 
the  measured  moment  of  the  o"  phase  samples,  Af,  versus  the 
measuring  XRD  intensity  ratio  ly  (200)  [/y(lll) 


FIG.  2.  XRD  of  sample  6.4  in  "ftble  I. 
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HG.  3.  A/-/r(200)/[/r(lll)+/cr'(101)]. 


FIG.  4.  (a)  XRD  of  a'  sample,  (b)  XRD  of  o!'  sample. 
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FIG.  6.  M-H  of  o''  sample  at  RT. 

+/a;"(202)]  in  Fig.  5.  When  extending  the  plot  to  the  inter¬ 
section  with  the  y  axis,  i.e.,  where  the  y  phase  is  absent,  M 
reaches  ~275  emu/g.  The  moment  is  contributed  by  the 
Fei5N2  and  a-Fe  phases.  The  maximum  N  content  in  the  a' 
phase  is  10.7,  which  is  less  than  that  of  the  o/'  phase,  12.5. 
Hence,  during  the  formation  of  o/',  Fe  is  rejected  in  the  form 
of  ar-Fe.  Based  on  the  known  N  concentration,  one  can  esti¬ 
mate  the  amount  of  a-Fe  formed.  Knowing  this,  one  can 
establish  the  moment  of  the  ol'  phase  to  be  280±10  emu/g. 

As  reported  by  Drabecki,’®  the  a"  phase  shows  a  weak 
uniaxial  anisotropy  with  Ko=78.10'*  J/M^,  as  measured 
magnetically.  We  examined  the  anisotropy  by  observing  the 
difference  of  XRD  of  an  a"  sample  random  and  aligned  in  a 
magnetic  field  of  17  kOe.  The  XRD  intensities  did  show  a 
slight  change  after  alignment  when  a  17  kOe  field  is  applied. 
The  field  dependencies  of  magnetization  for  aligned  powders 
are  shown  in  Fig.  6  for  fields  applied  parallel  and  perpen¬ 
dicular  to  the  aligning  field.  These  confirm  that  there  is  a 
measurable  magnetic  anisotropy. 
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Magnetic  properties  of  FeRhP:  Influence  of  metallic  clusters 
on  ferromagnetism 

MvGuillot,  M.  Artigas  M.  Bacman,*’^  D.  Fruchart,*^^  D.  Boursier,®^  and  R.  Fruchart®^ 

Service  National  des  Champs  Intenses,  C.N.R.S.  B.R  166  ’X,  3S042  Grenoble  Cedex,  France 

Synthesis  of  compounds  belonging  to  the  FeRhP  system  reveal  the  existence  of  three  main 
structures;  hexagonal  type,  orthorhombic  Ojo-NdCoB  type,  and  hexagonal  f/12-FePdP 

type  described  as  polytypes  resulting  from  different  packings  of  a  pseudorhombohedral  FeRhP 
subcell.  High  magnetic  field  magnetic  measurements  were  carried  out  in  the  4.2-300  K  temperature 
range  in  fields  up  to  200  kOe.  Very  different  magnetic  properties  were  observed  for  the  three  phases. 
To  explain  the  low  saturation  magnetization  of  both  O|o  and  // j2  phases  compared  to  that  ofthe  H3 
phase,  a  structural  magnetic  framework  that  leads  to  the  formation  of  diamagnetic  clusters  within 
the  ferromagnetic  matrix  is  proposed. 


I.  INTRODUCTION 

Several  phosphides  of  the  first-row  transition  metals,  for 
example,  Fe3P,  Fe2P,  MnP,  MnAs  are  ferromagnetic.*  Fe2P 
has  attracted  attention  due  to  its  peculiar  magnetic  properties 
(a  first-order  transition  at  214  K  and  giant  short-range  mag¬ 
netic  order  up  to  temperatures  three  times  higher  than 
but  saturation  moments  and  Curie  temperatures  reported  in 
the  literature  vary  widely.^"'*  These  conflicting  results  reflect 
the  extreme  sensitivity  of  the  magnetic  properties  to  both 
chemical  and  physical  parameters,  e.g.,  low  substitutions  of 
Mn  and  Cr  or  nonstoichiometry,  structural  defects,  sensibility 
to  pressure  and  magnetic  field.  In  this  work,  we  report  high 
magnetic  field  magnetization  and  magnetic  susceptibility 
measurements  made  on  ternary  iron  phosphides  of  composi¬ 
tions  FeRhP  and  Fe,  33Rho,66P. 

First,  the  hexagonal  structure  of  Fe2P  (space  group 
P62m  with  three  formulae/unit  cell)  will  be  briefly  de¬ 
scribed.  Along  the  c  axis,  phosphorus  atoms  form,  alter¬ 
nately,  in  tetrahedra  and  square-based  pyramids  generating 
channels  of  triangular  section.^  Because  the  occupation  of 
both  tetrahedral  and  pyramidal  sites  cannot  happen  simulta¬ 
neously  inside  the  same  channel,  two  kinds  of  channels  must 
occur:  in  the  first  one,  only  the  tetrahedral  sites  are  occupied; 
in  the  second  one,  only  Fe  atoms  are  surrounded  by  five  P 
atoms  (pyramids).  Channels  of  different  types  share  common 
pyramidal  square  bases  to  form  channel  pairs.  This  pairing 
results  in  pseudorhombohedral  subunits  which  consist  of  two 
filled  sites  (square-based  pyramid  and  tetrahedron)  and  two 
empty  sites  (inset  Fig.  1). 

The  preparation  of  the  different  polytypes  of  composi¬ 
tion  FeRhP  was  a  delicate  task.®  For  a  long  time  it  was  sug¬ 
gested  that  this  compound  did  not  exist.  TTie  difficulties  re¬ 
sulted  from  the  successive  and  unusual  structural 
transformations  required  to  accommodate  the  formation  of 
clusters.  Furthermore  it  should  be  noted  that  in  Coo,gNi02P. 
similar  clusters  of  cobalt  and  nickel  produce  diamagnetic 
properties.’ 


*’lnstiluto  de  Cienca  de  Materiales  de  Aragon,  Zaragoza,  Spain. 
’’'Laboratoire  de  Cristallographic,  C.N.R.S.,  B.P.  166  X,  Grenoble  Ccdex, 
France. 

'>C.N  R.S.  U-A  1109,  E.N.S.P.G.,  B.P.  46,  38042  Saint  Marlin  d’Hetes, 
France. 


II.  EXPERIMENTAL  PROCEDURE 

Rhodium-iron-phosphides  cannot  be  prepared  by  the  dif¬ 
fusion  of  powdered  rhodium  in  FeP  at  temperatures  of  about 
1200  K  as  in  the  case  for  the  other  ternary  phosphides.® 
FeRhP  and  the  parent  Fe  (Fe^Rhj  _ j)P  solid  solutions  must 
be  stabilized  under  various  structural  forms  through  a  drastic 
control  of  the  thermal  treatment.  Three  main  structures  were 
identified  from  the  magnetic  susceptibility  temperature  de¬ 
pendence  and  analysis  of  powder  x-ray  patterns.®’’  The  first 
form  discovered  was  assigned  the  hexagonal  Fe2P-type 
structure;’  since  it  is  unstable,  it  must  be  stabilized  by  a 
water  quenching  from  1320  K  to  room  temperature;  it  is 
designed  the  polytype.  On  the  other  hand,  a  slow  cooling 
of  the  7/3  phase  from  1320  K  room  temperature  leads  to 
the  CoNbB-type  orthorhombic  snjcture  (Ojo  polytype).  Fi¬ 
nally,  a  third  structural  type  (//j2  poly  type)  was  stabilized  by 
annealing  of  the  7/3  phase  near  500  K  with  patterns  appar¬ 
ently  similar  to  Hy  Fe2P  type:  absence  of  superst.uctural 
lines  indicates  a  low-ordering  range  (LOR)  for  this  phase, 
designed  7/, 3.  After  a  long  annealing  of  72  days  at  670  K, 
the  superstructural  lines  which  appear  lead  to  an  hexagonal 
structure  of  the  FePdP  type.”  All  of  the  polytype  phases  can 
be  considered  as  3D  networks  of  the  rhombohedral  subunit 
previously  described:  the  subscript  of  letter  H  ox  0  repre- 


FIG.  1.  Magnetizalion  curves  at  4.2  K  for  the  three  polytypes  of  FeRhP. 
Insert:  rhombohedral  subunit  formed  by  pyramidal  and  tetrahedral  sites 
(Ref.  1). 
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FIG.  2.  Magnetization  curves  for  a, powder  sample. of' FcRhP  in  Ojo 
(CoNbB  type)  phase  at  difierent  temperatures. 

sents  the  number  of  rhombohedra.  The  phases  H12  and  Ojo 
result  from  the  cooperative  displacements  of  c/2  of  some 
chains  of  phosphorus  atoms  along  the  c  axis.  Whereas  in  the 
f/3  structure  both  iron  and  rhodium  atoms  are  distributed 
over  the  tetrahedral  and  pyramidal  sites  with  a  nearly  com¬ 
plete  degree  of  disorder,  in  the  two  other  phases  the  transla¬ 
tions  of  the  chains  of  P  atoms  result  in  strong  variations  of 
these  characterized  distributions.  In  FePdP  an  overconcentra¬ 
tion  of  rhodium  around  some  particular  phosphorus  atoms 
was  observed.’’^  In  order  to  determine  the  influence  of  these 
metallic  clusters  on  the  ferromagnetism  of  he  FeRhP  system, 
magnetic  properties  of  the  three  polymorphic  phases  will  be 
reported. 

Measurements  of  the  magnetization  over  the  temperature 
range  4.2-400  K  were  carried  out  using  extraction  technique 
in  dc  magnetic  fields  up  to  200  kOe  produced  by  a  water- 
cooled  Bitter  magnet  (magnetometer  is  described  in  Ref.  11). 
On  the  other  hand,  the  temperature  dependence,  of  the  initial 
magnetic  susceptibility  were  determined  in  the  300-1300  K 
temperature  range  using  a  homemade  Faraday-type  device. 

Hi.  RESULTS  AND  DISCUSSION 

Some  typical  magnetic  isotherm  curves  reported  in  Figs. 
1  and  2  reveal  significant  differences  between  the  three  poly¬ 
types  of  the  two  studied  phosphides.  First,  a  large  discrep¬ 
ancy  between  the  magnetic  moments  is  observed  (nearly  a 
factor  of  2  between  the  and  H12  phases).  Second, 
whereas  for  both  H2  and  Ojo  phases  the  general  shape  of  the 
M{H)  curves  is  in  accordance  with  a  rapid  saturation,  for  the 
Hi2  poly  type  only  90%  of  saturation  is  reached  at  50  kOe. 
Within  our  experimental  accuracy  (+1%),  neither  hysteresis 
on  the  M(H)  curves  nor  changes  on  the  results  were  ob¬ 
served  after  cooling  from  300  to  4.2  K  under  200  kOe.  This 
behavior  confirms  the  good  quality  of  the  samples  which 
were  initially  checked  by  x-ray  and  neutron  diffractions.^ 

For  all  of  the  samples  studied,  the  experimental  curves 
are  well  described  by  a  law  of  approach  to  saturation  which 
contains  a  b/H^  term  only*^  in  a  high-field  domain  (100-200 


T^LE  I.  Magnetic ProjKrtita,  of  the  metallic  H^,  O^o,  and  H\2  polyty-pes 
of  iron-rhodium  phosphide.^. 


FeRhP 

H3 
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2.02 

1.46 

1.09 

T,(K) 

355 

235 

120 

C  (uem) 

i;42 

1.26 

1.14 
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3.02 

2.02 
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2.35 

2.18 

Oio 

2.11 

1.64 

1.38 
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3(j0 
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C  (uem) 

1.77 

1.53 

1.44 

"rftlAfl) 

3.26 

3.04 

2.95 

'"'"“(A*) 

1.58 

1.24 

1.04 

2.41 

2.20 

2.12 

.kOe).  The  saturation  moment  (3/“')  in  Bohr  magneton  fig 
per  mole,  at  4.2  K,  was  determined  using  a  least-squares 
procedure.  The  results  are  in  Table  I  with  the  corresponding 
values  of  /i^/iron  atom.  For  the  H3  and  Ojg  poly¬ 
types,  decreases  with  the  rhodium  content  but  in  the 
Hi2  form,  m*'"®  is  practically  independent  of  the  Rh  content 
(Table  I).  The  first-order  anisotropy  constant  K  is  determined 
from  the  coefficient  b  (^)  =  4^f^/15A/^l  in  the  hexagonal 
case),  it  is  obtained:  ^f~1.7X10’  ergem"^  and 
K~~2.5X10^  ergem"^  for  Fei.333Rho,666P  and  FeRhP  re¬ 
spectively  in  the  Hi  2  phase.  In  the  H3  phase,  K  is  found  to 
be  ~0.7X10’  ergem"^  and  is  independent  of  Rh  content. 
This  last  value  constrasts  strongly  with  the  average  value  of 
2.5x10’  erg  cm^  proposed  for  Fe2P.’ 

For  all  samples,  the  reciprocal  magnetic  susceptibilities 
follow  a  Curie  law  (see  figure  in  Ref.  8).  The  experimental 
values  of  both  Curie  constants  (C)  and  paramagnetic  Curie 
temperature  (T^)  are  summarized  in  Table  I  where  the  values 
of  rifif,  effective  number  of  Bohr  magnetons/Fe  atom,  de¬ 
duced  from  C  are  also  reported.  As  the  classic  plot  of  H/M 
vs  provides  values  of  that  are  in  very  good  agreement 
with  the  preceding  detenninations,  we  conclude  that  the 
paramagnetic  and  ferromagnetic  Curie  temperatures  coin¬ 
cide.  The  values  of  magnetic  moment  in  the  paramag¬ 
netic  state,  given  in  Table  I  were  deduced  from  the  relation 
It  should  be  noted  that  the  ratio 
is  always  much  larger  than  1  as  expected  by  a 
localized  electron  model;  this  result  can  be  interpreted  on  the 
basis  of  a  collective  electron  model  of  ferromagnetism.’^  In 
addition,  a  strong  decrease  of  m’’*"  is  observed  when  the 
structure  turns  from  H3  to  Hj2. 

To  explain  the  very  different  magnetic  behaviors  ob- 
se-wed  for  the  three  phases,  've  shall  analyze  the  H12  case. 
All  of  the  atoms  occupy  planes  perpendicular  to  the  [001] 
direction  at  z=0  and  z=l/2,  respectively.  The  structure 
consits  of  12  pseudorhombohedral  subunits  which  form  two 
types  of  blocks.  The  first  contains  three  subunits  and  is  pro¬ 
jected  as  hexagons  in  the  (001)  plane;  projection  in  this  plane 
of  the  second  type,  which  contains  six  of  the  rhombohedral 
subcells,  leads  to  the  “star-shaped”  arrangement  (Fig.  3).^  In 
the  unit  cell  described  by  the  association  of  two  “hexagon” 
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FIG.  3.  FeRhP  structure  in  the  W12  form:  projection  on  the  (001)  plane;  the 
iron  content  for  the  six  rhetallic  sites  is  equal  to:  0  for'MT,  znd  MP^ ,  54% 
for  MP^,  41%  for  MP^,  91%  for  A/Tj,’  and'82%  for'AfFj,  respectively 
(arrows  on  the  pyramidal  sites  suggest,  the  axial  symmetry). 

and  one  “star-shaped”  blocks,  the  metallic  atoms  are  distrib¬ 
uted  over  three  tetrahedra  (noted  MT)  and  three  pyramids 
(MP):  on  four  sites  {MT2,  MT3,  MP2,  and  MP3),  a  sta¬ 
tistical  disorder  of  the  Fe  and  Rh  atoms  is  observed  (occu¬ 
pations  are  given  in  the  caption  of  Fig.  3).  In  contrast  A/7’1 
and  MPl  which  belong  to  the  “star-shaped”  block  are  oc¬ 
cupied  only  by  rhodium  atoms.  It  is  important  to  emphasize 
the  local  overstochiometry  of  rhodium  around  the  P  (0,0,0) 
atom  when  the  the  structure  changes  from  7/3  to  H12. 

For  the  completely  disordered  phase,  the  magnetiza¬ 
tion  of  the  pseudorhombohedral  unit  (formula  FeRhP)  is 
equal  to 

m(phase  H3)=^{3/6){mr+mp),  (1) 

mj  and  mp  represent  the  Fe  atom  magnetic  moment  in  tet¬ 
rahedral  and  pyramidal  positions,  respectively.  In  the  //i2 
phase,  the  saturation  magnetization  is  given  by 

m(phase  //i2)=0.2275mr2+0'135ffi/)2+0.205OT/.3 

+  0.41m7-3.  (2) 

Since  no  values  of  nip  and  nip  are  available  to  explain  the 
saturation  of  the  H3  form,  we  estimate  that  mp—lfig  and 
mp—Z/ig  based  on  the  order  of  magnitu.--.  proposed  for 
Fe2P.  In  the  //j2  phase,  the  MP2  site  is  locai -d  in  the  region 
where  the  overstochiometry  of  rhodium  occu.s;  on  the  other 
hand,  this  site  contains  only  54%  Fe  atoms.  Tliese  two  points 


leao  ..V  the  conclusion  that  the  Fe  atoms  of  this  site  are  non¬ 
magnetic,  and  occurs  as  diamagnetic  clusters.  According  to 
this  hypothesis,  mp2  is  taken  equal  to  zero;  furthermore  as¬ 
suming  always  that  mp=mp2=fnf3^1/jig  and 
mp=mp3=3/iB,  we  can  roughly  estimate  that  the  saturation 
of  the  7/12  phase  is  equal  to  1.25 /ig.  Although  the  com¬ 
pound  contains  a  very  large  amount  ofiron,  the  presence  of 
diamagnetic  clusters  can  be  explained  by  a  gain  of  stability 
created  by  a  complete  filling  of  the  Fed*®  levels  due  to 
valence  electrons  transferts  from  neighboring -rhodium  and 
phosphorus  atoms  in  the  region  of  high  rhodium  content  to 
form'(Fei  g2Rh73gP)  group  s.  This  hypothesis  suggests  more 
localized  bondings  in  the  clustf '3.  It  appears,  therefore,  th . 
very  simple  structural  chemical  framework  can  expL. 
critical  behavior  of  tiie  magnetic  properties  which  are 
strongly  influenced  by  this  metal  clustering.  Similar  arrange¬ 
ment  occurs  in  the  Ojo  phase  although  the  distribution  of  the 
iron  atoms  is  more  complex.®  "niis  existence  of  diamagnetic 
clusters  was  previously  suggested  to  interpret  the  diamag¬ 
netic  properties  of  the  system  Ni2P-Co2R^ 

In  this  paper  quantitative  data  on  the  intrinsic  properties 
of  the  FeRhP  system  are  reported.  Through  the  interpretation 
of  these  results  and  those  of  earlier  studies,  we  have  deter¬ 
mined  that  diamagnetic  clusters  occur  in  the  77,2  ^nd  0,0 
phases.  It  is  clear  that  further  experiments  on  local  properties 
using  Mossbauer  effect  and  neutron  diffraction  are  needed  to 
obtain  more  detailed  information  on  diamagnetic  clustering 
in  both  0,0  and  77,2  poly  types. 
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We'present  linearized  augmented  plane-wave  calculations  for  FeCii-fcc  and  bcc  metastable  phases 
using  the  lotal  density  approximation.  Curves  foi  the  density  of  states  (without  including  the 
spin-polarization  effects)  at  several  Fe  concentrations  are  given,  noticing  that  the  density  of  ^tat^ 
at  the  Fermi  level  for  determinated  fee  alloys  suffers  significant  large  increases  in  relation  to  the  fee 
Fe.  This  fact  provides  an  explanation  to  the  magnetic  character 'fdtind'in  soine*fcc  FeCu  alloys.  The 
magnetization  is  calculated  at  different  compositions  by  applying  the  Stoner^criteria,  assuming  a 
simple  behavior  for  the  magnetic  exchange  integral,  and  including  the  effect  of  randomness  in  a 
simple  way.  We  find  that  the  magnetic  moment  per  Fe  atom  is  similar  to  that  of  bcc  Fe  for  some  fee 
FeCu  alloys. 


In  the  last  few  years  it  has  been  possible  to  prepare 
metastable  phases  of  fee  and  bcc  Fe-Cu  alloys  by  mechanical 
alloying’  and  sputtering.^’^  These  techniques  have  provided 
new  perspectives  of  understanding  mechanisms,  for  produc¬ 
ing  magnetism  as  well  as  the  growth  of  new  magnetic  mate¬ 
rials.  In  particular,  Chien  etal}  have  shown  that  the  fee 
phase  can  be  grown  by  sputtering  if  the  amount  of  Fe  is 
smaller  than  75%,  where  the  fee  phase  starts  to  coexist  with 
bcc  phase.  Also,  recent  magnetic  measurements'’  have  shown 
that  the  metastable  fee  phase  of  Fe52Cu48  has  a  larger  mag¬ 
netic  moment  than  the  segregated  fcc-Cu  and  bcc-Fe  phase. 
However,  the  magnetic  properties  of  these  new  metastable 
alloyed  phases  are  far  from  being  explained  and  represent  a 
field  in  which  an  intensive  work  remains  to  be  done. 

In  order  to  understand  the  magnetic  behavior  of  these 
FeCu  alloys  we  have  performed  all  electron  linearized  aug¬ 
mented  planq-wave  (lAPW)  calculations  of  band  structures 
and  density  of  states  (DOS)  for  Fe;(Cuioo-x  ordered  alloys  in 
both  bcc  and  fee  phases  and  for  some  specific  Fe  concentra¬ 
tions  X.  The  calculations  were  carried  out  by  using  the 
Soler- Williams^  implementation  of  the  APW  method  in  its 
linearized  version.®  The  computations  were  performed  within 
the  framework  of  the  local  density  approximation’  (LDA) 
and  therefore  they  do  not  include  the  spin  polarization,  so 
that  not  exchange  splittings  are  obtained.  However,  the  LD 
densities  of  states  at  the  Fermi  level  of  the  unpolarized  sys¬ 
tems  can  be  approximately  correlated  to  the  exchange  split¬ 
tings  and  magnetic  moments  through  the  Stoner  theory.*’’ 

Due  to  the  mandatory  use  of  supercells  in  LAPW  calcu¬ 
lations,  the  representation  of  bcc  and  fee  Fe;tCu,oo_,f  ordered 
alloys  involves  serious  difficulties  when  intermediate  frac¬ 
tions  X  are  considered,  since  there  are  a  huge  number  of 
nonequivalent  atomic  positions,  turning  a  detailed  descrip¬ 
tion  into  a  unaffordable  task.  Thus,  we  have  restricted  our¬ 
selves  to  the  study  of  five  concentrations  (a:=0,  25,  50,  75, 
100)  for  which  there  are  simple  ordered  representations  in¬ 
volving  few  atoms.  In  this  way,  the  study  of  bcc  and  fee 
phases  has  been  carried  out  with  unit  cells  containing  four 
atoms,  reducing  as  much  as  possible  the  calculation  re¬ 
sources.  We  use  the  same  muffin-tin  radius  for  both  Fe  and 
Cu  species,  takingi?„,=2.30  a.u.,  and  a  plane-wave  energy 
cutoff  of  r„3^=10.0  Ry  has  been  considered  in  all  the  cases. 
The  exchange-correlation  functional  was  described  within 


the  LDA  by  using  the  Hedin  and  Lundqvist”  parametriza- 
tion.  Here,  we  must  point  out  that  due  to  the  absence  of 
spin-polarization  effects,  there  is  no  way  of  of  determining 
directly  the  magnetic  properties  (magnetic  moment  and  ex¬ 
change  splitting)  as  in  the  local-spin-density”  (LSD)  ap¬ 
proximation.  Sampling  grids  ranging  from  56  to  126  special 
points’^  in  the  irreducible  wedge  of  the  Brillouin  zone  are 
used  for  the  study  of  bcc  and  fee  structures. 

In  order  to  test  the  validity  of  the  parameters  we  have 
chosen  for  describing  the  FeCu  alloys,  we  have  started  our 
investigations  with  pure  bcc  Fe,  obtaining  a  cohesive  energy 
of  5.8  eV  per  atom  and  a  density  of  states  at  the  Fermi  level 
of  DOS  {Ep)  =  3A  states/eV  per  atom.  Notice  that  we  have 
used  the  experimental  lattice  constant,  and  no  minimization 
of  the  total  energy  versus  the  unit  cell  volume  was  per¬ 
formed.  Both  quantities  are  in  agreement  with  previous  re¬ 
sults  of  Moruzzi  et  After  determining  the  DOS,  we  have 
included  the  polarization  of  the  electrons  using  a  scheme 
based  on  the  Stoner  model*  by  shifting  rigidly  the  two  half 
bands  (up  and  down)  a  relative  magnetic  exchange  energy  of 
2.2  eV,  previously  computed’^  within  the  LSD  approxima¬ 
tion.  Once  the  rigid  shift  is  applied,  we  have  calculated  the 
transferred  charge  from  the  down  to  the  up  bands,  obtaining 
a  magnetic  moment  of  2.25 fig  per  atom  which  agrees  well 
with  the  2.\5hb  LSD  result.'^  Hence,  this  confirms  that  our 
calculated  band  structure  describes  the  crucial  features  of  the 
system.  Now,  we  proceed  to  apply  the  same  computational 
scheme  to  our  set  of  periodic  representants  of  these 
Fe^Cuioo-;(  alloys.  All  the  calculations  for  the  fee  phase 
compounds  were  done  assuming  that  the  lattice  constant  a  is 
identical  to  that  of  fee  Cu  (a  =  6.82  a.u.),  whereas  for  bcc 
phase  compounds  we  took  the  bcc  Fe  lattice  constant  {a 
=5.42  a.u.),  being  these  values  very  similar  to  those  found 
experimentally,’  although  the  effect  of  small  variations  of  the 
unit  ceil  volume  also  will  be  discussed  below. 

In  Fig.  1  we  show  the  density  of  states  (DOS)  for  the 
FCjtCujoo-i  alloys  in  bcc  and  fee  phases  obtained  from  the 
present  nonpolarized  LAPW  calculation.  Looking  at  the  bcc 
series,  we  can  notice  that  when  bcc  Fe  samples  are  doped 
with  Cu,  the  d  peak  close  to  the  Fermi  level  is  diminishing 
and  the  bottom  of  the  band  suffers  strong  modifications  due 
to  the  appearance  of  Cu  deeper  levels.  The  situation  in  the 
fee  case  is  rather  more  complicated.  When  the  fee  Cu  sample 
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FIG.  1.  Density  of  states  (DOS)  for  bee  (a)-(e)  and  fee  (f)-(j)  Fe,Cu,oo-^ 
alloys  with  Fe  fraetions  j:=0  .  25,  50,  75,  and  100. 


is  doped  with  Fe  a  strong  peak  conesponding  to  Fe  states  is 
developed  near  the  Fermi  level.  The  more  surprising  charac¬ 
teristic  we  can  see  is  that  for  the  compounds  FcsoCuso  and 
Fe7<;Cu25  the  DOS  at  Ef  presents  a  value  higher  than  that 
found  in  fee  Fe.  Furthermore,  in  the  case  of  Fe75Cu2j  the 
DOS  at  is  even  larger  than  the  value  found  for  the  pure 
bcc  Fe.  We  have  checked  the  influence  of  possible  lattice 
constant  contractions  expansions  for  the  case  x  =  75,  since 
for  such  Fe  content  a  change  of  4%  in  the  sample  volume  has 
been  reported.^  For  the  bcc  Fe75Cu25  we  have  increased  the 
volume  per  atom  in  a  4%  noticing  an  increase  of  a  3%  in  the 
DOS  at  .  For  the  fee  Fe-,5Cu25  phase  a  similar  change  in 
the  volume  per  atom  lead  to  an  increase  of  1.6%  in  the  DOS 
at  the  .  These  results  represent  only  a  minor  variation  in 
the  DOS  and  they  do  not  imply  any  change  in  the  magnetic 
behavior  we  will  discuss  below. 

Figure  2  shows  the  density  of  states  at  the  Fermi  level 
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FIG.  2.  DOS  at  the  Fermi  level  Ef  for  bcc  (black  circles)  and  fee  (open 
squares)  Fe^Cuioo-,  metastable  phases.  Lines  connecting  points  are  guides 
for  the  eye.  The  horizontal  line  represents  the  DOS  (Ef)  frontier  value 
between  ferromagnetic  and  nonmagnetic  behaviors  corresponding  to  a  mo¬ 
lecular  exchange  constant  of  X=6000. 


for  the  fee  and  bcc  structures.  Once  this  value  is  computed 
we  have  applied  the  Stoner  model,®  using  a  molecular  ex¬ 
change  constant  \.=6000  (Ref.  14)  in  order  to  take  into  ac¬ 
count  the  magnetic  interactions  in  these  systems  containing 
iron.  The  Stoner  criteria  has  been  graphically  displayed  on 
Fig.  2  by  defining  a  frontier  line  (associated  to  such  molecu¬ 
lar  exchange  constant)  for  the  DOS  (Ep)  value,  which  per¬ 
mits  to  distinguish  magnetic  from  nonmagnetic  systems. 
Above  this  value  the  behavior  is  ferromagnetic  whereas  be¬ 
low  the  behavior  is  nonmagnetic.  We  notice  that  with  this 
reasonable  choice  of  \  the  pure  bcc  Fe  presents  ferromag¬ 
netic  properties  whereas  the  pure  fee  Fe  structure  corre¬ 
sponds  to  a  paramagnetic  system.  A  striking  fact  is  that  the 
DOS  for  bcc  Fe75Cu25  is  approximately  equal  to  the  DOS  at 
Ep  for  fee  Fe,  which  is  nonmagnetic,  ar..^  therefci'e  this  could 
explain  the  diminishing  of  the  magnetic  moment  in  segre¬ 
gated  phases  with  respect  to  fee  phases'*  by  assuming  that  a 
fraction  of  the  Cu  atoms  enter  into  the  bcc  Fe  structure, 
giving  raise  to  a  decrease  of  the  magnetic  moment.  From 
these  results,  and  after  applying  the  SU  .ler  criteria,  we  con¬ 
clude  that  metastable  alloys  FesgOujo  and  Fe75Cu25  present  a 
well-defined  ferromagnetic  character  despite  the  fee  Fe  struc¬ 
ture  is  not  ferromagnetic. 

In  order  to  calculate  the  magnetic  moment  associated  to 
each  configuration  we  have  assumed  a  magnetic  exchange 
splitting  of  2.2  eV  for  Fe  and  that  such  a  value  decreases  to 
1.5  eV  in  the  limit  of  one  isolated  Fe  atom  in  a  Cu  matrix,*® 
being  these  values  obtained  from  previous  LSD  results.  In 
this  way  we  can  estimate  the  magnetic  moment  for  our  mag¬ 
netic  ordered  representants.  For  instance,  the  calculated  mag¬ 
netization  for  fee  FejoCuso  is  117  emu/g  and  only  differs  in  a 
7%  with  respect  to  the  experimental  measurement'*  on  the 
real  alloy,  which  is  a  good  result  taking  into  account  our 
previous  hypothesis  for  \  or  the  exchange  splitting.  There¬ 
fore,  once  we  have  delimited  the  magnetic  properties  of  these 
ordered  configurations,  we  assume  that  the  magnetization  of 
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FIG.  3.  Magnetic  moment  per  Fe  atom  for  bcc  and  fee  Fe,Cuioo-x  meta- 
stable  alloys.  Dashed  lines  represent,  nonobserved  experimentally  phases. 
Experimental  results  are  also  shown  (triangles  from  Ref.  2,  black  dots  from 
Ref.  16,  and  .squares  from  Ref.  17). 

Other  fractional  configurations  (different  from  those  here  pre¬ 
sented)  can  be  calculated  by  a  simple  interpolation  scheme. 
However,  these  calculated  values  do  not  take  into  account 
directly  the  alloy  random  character.  We  can  incorporate  the 
effect  of  randomness  into  the  alloy  composition  by  assuming 
that  the  lattice  positions  are  to  be  occupied  following  a  Pois¬ 
son  distribution  which  is  dependent  on  the  iron  content  of  the 
alloy.  This  means  that  for  a  given  average  concentration  x,  it 
is  possible  to  find  small  regions  of  different  stochiometric 
composition  with  a  probability  determined  by  the  corre¬ 
sponding  Poisson  distribution,  and,  furthermore,  the  magne¬ 
tization  of  these  small  regions  can  be  evaluated  by  the  inter¬ 
polation  scheme  from  the  values  obtained  for  the  ordered 
samples.  Figure  3  summarizes  the  results  for  the  magnetic 
moment  of  the  Fe;jCuioo-;c  alloys.  Our  main  result  is  that  the 
magnetic  moment  for  Fe  atom  is  almost  independent  of  the 
Cu  richness  for  a  wide  range  of  Cu  content,  in  good  agree¬ 
ment  with  experimental  data^'*®'*’  up  to  50%  of  Cu  content. 


In  conclusion,  we  have  shown  that  the  fee  phase  is  mag¬ 
netic  for  some  configurations  (Fe75Cu25  and  FesgCuso)  and 
why  the  magnetic  moment  per  Fe  atom  is  almost  constant  for 
a  wide  interval  of  Fe  content  in  FeCu  alloys.^’'®’'’  Although 
our  results  are  based  on  a  combination  of  LDA,  Stoner  cri¬ 
teria,  the  choice  of  a  low  number  of  ordered  representants  for 
the  description  of  the  alloy  composition,  and  the  mixing  of 
the  magnetic  moments  through  a  Poisson  distribution,  we 
believe  that  the  basic  ideas  needed  for  the  description  of 
magnetism  in  these  systems  rely  on  the  high  density  of  states 
noticed  for  some  specific  cases.  Furthermore,  preliminary 
studies  based  on  LSD  calculations'®  seem  to  confirm  the 
present  results. 

This  work  has  been  partially  suppotted  by  the  DGICYT 
of  Spain. 
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The  degree  of  alignment  of  the  magnetic  moments  of  Fe^'*’  ions  in  ultrefine  maghemite  particles  has 
been  studied  in  samples  with  induced  magnetic  texture.  The  textured  samples  were  prepared  by 
freezing  ferrofluids,  containing  7.5  nm  maghemite  particles,  in  a  magnetic  field.  Mossbauer 
spectroscopy  studies  of  the  textured  samples  in  large  magnetic  heids  demonstrate  that  the  lack  of 
full  alignment  is  not  an  effect  of  large  magnetic  anisotropy,  as  suggested  recently,  but  that  the  effect 
is  rather  due  to  canting  of  individual  spins. 


I.  INTRODUCTION 

The  lack  of  full  aligment  of  the  spins  in  ultrahne 
maghemite  particles  in  large  applied  fields  was  demonstrated 
by  Coey*  more  than  20  years  ago.  He  found,  by  using  Moss¬ 
bauer  spectroscopy,  that  even  a  magnetic  field  of  5  T  was 
insufficient  to  align  all  spins  in  6  nm  'y-Fe203  particles.  The 
spin  structure  of  the  particles  was  suggested  to  be  noncol- 
linear  due  to  competing  antife.Tomagnetic  exchange  interac¬ 
tions,  most  likely  at  the  surfaces  .of  the  particles.'  The  obser¬ 
vations  by  Coey  also  explain  why  the  saturation 
magnetization  of  small  magnetic  particle  systems  is  smaller 
than  that  of  the  bulk  material.  The  phenomenon  of  canting  of 
spins  in  nominally  ferrimagnetic  particles  has  later  been  ob¬ 
served  in  other  oxides^"*  as  well  as  for  thin  oxide  layers  on 
metallic  iron.^ 

The  suggestion'  that  spin  canting  is  a  surface  phenom¬ 
enon  has  been  supported  by  several  later  studies,  e.g.,  by 
^^Fe  or  ^’Co  surface  enrichment  of  maghemite  particles.*"* 
However,  recent  Mossbauer  studies  of  maghemite  particles, 
with  and  without  surface  enrichment  with  *^Fe,  have 
indicated"  that  spin  canting  is  not  a  surface  effect,  but  rather 
a  finite-size  effect  that  is  uniform  throughout  the  whole  vol¬ 
ume  of  the  particles.  Also,  lately,  Pankhurst  and  Pollard'® 
have  shown  that  the  observation  of  nonzero  Am=0  Moss¬ 
bauer  line  intensities  may  be  explained  by  the  response  of  a 
randomly  oriented  ferrimagnetic  powder  to  a  large  magnetic 
field  when  the  individual  particles  are  assumed  to  have  a 
large  uniaxial  anisotropy,  i.e.,  they  suggest  that  the  so-called 
spin  canting  effect  is  due  to  the  lack  of  full  alignment  of  all 
the  spins  in  the  particles.  Hence,  the  lack  of  full  alignment  of 
spins  is  a  matter  of  continuing  dispute,  despite  the  long  his¬ 
tory  of  the  discussion  and  the  great  importance  of  maghemite 
particles  in,  for  example,  magnetic  recording  media  and  fer¬ 
rofluids. 

We  have  devised  a  simple  experiment  in  order  to  clarify 
whether  the  incomplete  spin  alignment  in  ultrafine 
maghemite  particles  is  an  effect  of  specific  spins  being 
canted  relative  to  the  field  direction  or,  as  suggested  by 
Pankhurst  and  Pollard,'®  that  it  stems  from  the  inability  of 
the  applied  field  to  make  the  magnetization  vector  overcome 
the  magnetic  anisotropy  of  the  particles.  The  idea  of  our 


experiment  is  that  if  full  alignment  of  the  magnetic  moments 
is  hindered  by  the  volume  anisotropy  of  the  particles,  then 
the  degree  of  alignment  will  depend  on  the  angular  distribu¬ 
tion  of  the  anisotropy  directions  with  respect  to  the  applied 
field.  A  non-random  distribution  of  easy  axes  (magnetic  tex¬ 
ture)  can  be  obtained  by  freezing  a  ferrofluid  in  an  applied 
magnetic  field.  The  degree  of  texture  is  a  function  of  the 
magnetic  moment  of  the  particles,  the  intensity  of  the  applied 
magnetic  field,  the  magnetic  anisotropy,  and  the  freezing 
temperature  of  the  ferrofluid."’'^  Here,  we  will  show,  results 
of  studies  of  magnetically  textured  samples  of  7.5  nm 
'>^Fe203  particles.  Recently,  we  performed  similar  experi¬ 
ments  on  9.0  nm  maghemite  particles.'^  The  advantage  of 
studying  7.5  nm  maghemite  particles  is,  as  will  be  shown, 
that  the  so-called  .spin  canting  effect  is  more  prominent  in  the 
smaller  particles. 

II.  EXPERIMENT 

Magnetite  particles  were  prepared  by  coprecipitation  of 
Fe(II)  and  Fe(III)  from  an  aqueous  solution.  Leaving  the  pre¬ 
pared  ferrofluid  in  air  resulted  in  oxidation  of  the  magnetite 
(Fe304)  into  maghemite  (■>«-Fe203). 

Magnetization  measu.'-ements  were  carried  out  by  using  a 
vibrating-sample  magneto.meter.  Mossbauer  spectroscopy 
studies  were  performed  by  using  a  conventional  constant  ac¬ 
celeration  spectrometer  with  a  *"Co  source  in  rhodium.  Mag¬ 
netic  fields  between  zero  and  4.35  T  could  be  applied  parallel 
or  perpendicular  to  the  y-ray  direction.  Transmission  elec¬ 
tron  microscopy  was  performed  using  a  Philips  EM301  elec¬ 
tron  microscope. 

Energy  dispersive  x-ray  diffraction  spectra  were  ob¬ 
tained  by  measuring  the  energy  spectrum  of  scattered  white 
x-ray  radiation.  From  the  line  broadening  of  the  diffraction 
peaks  an  estimate  of  the  mean  crystallite  size  could  be  de¬ 
duced. 

HI.  RESULTS  .<VND  DISCUSSION 

Figure  1  shows  the  magnetization  versus  applied  mag¬ 
netic  field  at  room  temperature.  The  solid  line  is  a  fit,  fol¬ 
lowing  the  method  of  Chantrell  et  to  the  magnetization 
curve,  assuming  a  lognormal  distribution  of  particle  size. 
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FIG.  1.  The  magnetization,  at  room  temperature,  as  a  function  of  applied 
magnetic  field.  Tlie  full  curve  is  the  best  fit  obtained  using  the  method  of 
Chantreil  et  al}* 


From  electron  micrographs,  Mossbauer  spectroscopy,  x-ray 
di^action,  and  magnetization  measurements,  the  volume- 
weighted  mean  particle  diameter  was  found  estimated  to  be 
D=7.5±1.0  nm. 

From  the  decay  of  remanence  the  mean  superparamag- 
netic  blocking  temperature,  {Tg),  can  be  extracted  by  fitting 
with  the  following  expression: 

—  M,  — 

^r(7’)=xr  =A/,(0)  f{Tr)dTr,  (1) 

Ms  Jt/{Tb) 

where  A/,  is  the  reduced  remanence,  M,{Q)  is  the  reduced 
remanence  at  0  K,  Tr-Tglijg)  is  the  reduced  blocking  tem¬ 
perature,  and  /(r,)  is  the  normalized  distribution  of  blocking 
temperatures.  Assuming  the  effective  magnetic  anisotropy 
constant,  to  be  size  independent,  f{T,)  will  follow  a 
lognormal  distribution.  The  best  fit  of  Eq.  (1)  to  the  M,(7’) 
curve  (see  Fig.  2)  was  found  for  (7’b)«20  K.  From 

=  To  Q\’p{K^f(VlkBTB),  (2) 

where  V  =  7r/6I>,  and  t„  and  Tq  are  the  measuring  time 
(100  s)  and  the  minimum  relaxation  time  (lO^'^-lO”*^ 
s),'^"*^  respectively,  is  deduced  to  be  (3-4)X10‘*  J  m~^ 

Mossbauer  spectra  of  the  ferrofluid,  frozen  in  a  magnetic 
field  of  4.35  T  applied  parallel  or  perpendicular  to  the  sample 
plane,  are  shown  in  Fig.  3.  The  spectra  were  obtained  at  5  K 
in  a  remanence  field  of  0.06  T  perpendicular  to  the  sample 
plane.  The  spectra  are  typical  for  ultrafine  maghemite 
particles,'®  the  spectra  are  asymmetric  with  lines  1,  2,  and  3 
more  intense  than  lines  4,  5,  and  6,  respectively,  and  with  an 
inward  broadening  of  each  of  the  absorption  lines.  As  evi¬ 
dent  from  Fig.  3,  the  spectra  have  different  absorption  inten¬ 
sities  in  the  line  pair  2  and  5  (the  spectra  have  been  normal¬ 
ized  to  the  same  maximum  absorption  intensity  in  line  1). 
The  relative  intensity  of  the  absorption  lines  2  and  5  depends 
on  the  direction  of  the  magnetic  hyperfine  field,  acting  at  the 
absorbing  Mossbauer  nuclei,  relative  to  the  direction  of  the 
gamma  rays.  When  the  hyperfine  field  is  pi  rallel  to  the  y-ray 
direction,  the  intensity  of  lines  2  and  5  will  be  zero,  while  a 
spin  orientation  perpendicular  to  the  y-ray  direction  will  re¬ 


FIG.  2.  The  temperature  dependence  of  the  remanent  magnetization.  The 
circles  are  the  experimental  data  and  the  solid  lines  are  the  best  fits,  using 
Eq.  (1),  for  different  chosen  (Tg)  values.  The  distribution  of  Tg  has  been 
assumed  to  be  lognormal  (see  the  text). 

suit  in  the  relative  line  intensities  3:4:1:1:4:3.  The  different 
intensities  of  lines  2  and  5  for  the  two  sample  preparation 
fields  thus  reveal  different  average  orientations  of  the  mag¬ 
netic  moments,  i.e.,  it  demonstrates  the  induced  texture  of 
the  samples.  The  lower  part  of  Fig.  3  shows  the  difference 
spectrum. 

Increasing  the  magnitude  of  the  magnetic  field  applied 
during  the  measurements  results  in  a  change  of  the  relative 
areas  of  lines  2  and  5.  Already  for  fields  below  1  T,  a  satu¬ 
ration  is  found  in  the  orientation  of  the  magnetic  moments  in 
the  direction  of  the  applied  field.  Mossbauer  spectra  of  7.5 
and  9.0  nm  samples,  when  measured  in  a  magnetic  field  of 
4.35  T  applied  parallel  with  the  y-ray  direction,  are  shown  in 
Fig.  4.  The  line  intensities  of  lines  2  and  5  were  found  to  be 
independent  of  the  direction  of  the  induced  texture.  The  in¬ 
tensities  of  lines  2  and  5  have  decreased  considerably,  but 


FIG.  3.  Mossbauer  spectra  of  samples  with  frozen-in  magnetic  texture.  Tiie 
freezing  field  was  4.35  T.  The  spectrum  of  the  sample  frozen  in  a  field 
perpendicular  to  the  sample  plane  is  given  by  a  solid  line,  while  the  triangles 
denote  the  sample  frozen  with  the  field  applied  parallel  to  the  sample  plane. 
The  Mossbauer  spectra  were  obtained  at  5  K  in  a  field  of  0.06  T  along  the 
y-ray  direction.  The  spectra  have  been  nomialized  to  the  same  maximum 
absorption  in  line  1.  The  lower  part  of  the  figure  shows  the  difference  spec¬ 
trum. 
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FIG.  4.  Mossbauer  spectra  of  7.5  nm  (the  upper  spectrum)  and  9.0  nm 
maghemite'’  particles  in  a  magnetic  field  of  4.35  T  parallel  to  the  y-ray 
direction.  The  spectra  were  obtained  at  5  and  15  K,  respectively. 


they  have  not  achieved  the  value  of  zero  as  they  should  if  all 
spins  were  aligned  by  the  field.  This  observation  is  similar  to 
that  made  by  Coey.‘  If  the  model  of  Pankhurst  and  Pollard 
(the  PP  model)  was  conect,  one  should  expect  that  the  de¬ 
gree  of  spin  alignment  in  the  4.35  T  field  should  differ  for  the 
7.5  and  the  9.0  nm  samples.  The  fact  that  relatively  low 
fields,  applied  during  the  measurements,  are  able  to  align  the 
particle  magnetic  moment,  but  with  some  spins  retaining  an 
angle  relative  to  the  applied  field,  is  consistent  with  the  con¬ 
cept  of  spin  canting. 

Furthermore,  the  magnetic  anisotropies  of  the  studied 
maghemite  particles  are  much  smaller  than  would  be  neces¬ 
sary  to  account  for  the  lack  of  full  alignment  by  the  model  of 
Pankhurst  and  Pollard.'®  We  fi  1  Jireif=(3-4)X10‘'  Jm"^ 
while  in  the  PP  model  an  effective  magnetic  anisotropy  con¬ 
stant  about  an  order  of  magnitude  larger  is  needed  to  explain 
the  observed  incomplete  alignment. 

The  degree  of  spin  canting  depends  on  the  particle  size. 
As  shown  in  Fig.  4,  the  intensity  of  lines  2  and  5  is  largest 
for  the  7.5  nm  particles.  When  assuming  the  area  ratio  of  line 
pairs  (2,5)  and  (1,6)  in  the  Mossbauer  spectra  to  be  5  for 
canted  spins  and  zero  (in  an  applied  field  of  4-5  T)  for 
noncanted  spins,  the  fraction,  p,  of  the  spins  being  canted 
may  be  found.  In  Fig.  5,  p  is  plotted  for  different  samples  as 
a  function  of  the  inverse  particle  diameter.  It  is  clear  that  the 
degree  of  spin  canting  increases  with  decreasing  particle 
size.  This  is  expected,  both  when  assuming  the  spin  carting 
to  be  a  surface  effect  and  when  assuming  it  to  be  a  finite  size 
effect  uniform  throughout  the  particle.  If  the  spin  canting  is 
due  to  spin  canting  of  a  certain  surface  layer  with  thickness  t, 
then  the  plot  of  p  vs  r/"'  should,  in  a  first-order  approxima¬ 
tion,  follow  a  straight  line.  From  the  straight-line  fit  in  Fig.  5, 
t^O.9  nm  is  deduced.  However,  the  data  suggest  that  other 
parameters  than  the  particle  size  influence  the  degree  of  spin 
canting  in  ultrafine  maghemite  particles. 

When  fitting  the  Mossbauer  spectrum  of  the  7.5  nm  par¬ 
ticles  in  Fig.  4  with  single  lines,  the  deduced  magnetic  hy- 
perfine  field  derived  from  the  positions  of  lines  2  and  5  is 


FIG.  5.  The  fraction  of  canted  spina,  p,  versus  the  inverse  of  the  particle 
diameter  of  maghemite  particles  (0,*  A,^  and  O,  present  study)  as 
found,  by  Mossbauer  spectroscopy,  at  about  5  K  and  in  an  applied  field  of 
4-5  T. 

found  to  be  about  1  T  smaller  than  that  deduced  from  lines  1 
and  6.  This  observation  cannot  be  accounted  for  by  the  PP 
model,  because  the  incomplete  alignment  is  ascribed  to  the 
incomplete  alignment  of  all  spins,  whereas  the  observation 
can  be  understood  in  the  model  of  spin  canting,  because  the 
canting  of  the  spins  must  originate  ffom  the  surroundings  of 
the  spins  being  different  from  that  of  the  average  spin  (on 
either  the  A  site  or  the  B  site).  A  similar  observation  has  been 
made  for  the  9.0  nm  maghemite  particles.'^ 
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A  magnetic  and  Mossbauer  spectroscopy  study  of  nonoriented  and  magnetically  oriented  samples  of 
Nd6Fei3Sn  was  performed.  At  4.2  K  a  metamagnetic  transition  takes  place  in  a  field  of  7.1  T.  Strong 
evidence  for  antiferromagnetic  spin  arrangements  in  the  iron  magnetic  sublattice  and 
antiferromagnetism  of  the  Nd  moments  with  only  a  small  contribution  to  the  net  magnetization  in 
fields  up  to  14  T  was  found. 


The  preparation  and  some  of  the  magnetic  properties  of 
the  new  ternary  compounds  RE(;Fej3M  where  RE=Pr,  Nd, 
Sm  and  M=Ge,  In,  Pb,  Tl,  Sn,  Bi,  Sb  were  recently 
reported.*’^  They  crystallize  in  the  tetragonal  Nd6Fei3Si-type 
structure^  with  five  nonequivalent  iron  sites  Aa,  Ad,  \6k, 
16/i,  and  Ifi/j  and  two  nonequivalent  rare-earth  sites  8/ 
and  16/.  In  the  case  of  the  Nd-containing  compositions  the 
magnetic  critical  temperatures  lie  between  330  and  550  K,* 
in  dependence  on  the  type  of  the  element  M.  A  ferrimagnetic 
type  of  ordering  with  the  iron  moments  oriented  antiparallel 
to  the  rare-earth  moments  was  proposed  in  Ref.  1.  A  more 
detailed  magnetic  and  Mossbauer  study  of  Nd6Fei3Ge  and 
PrgFe,3Ge  (Ref.  2)  was  interpreted  in  terms  of  slightly  un¬ 
compensated  antiferromagnetic  ordering  of  the  Fe  spins 
which  has  to  result  in  a  magnetization  of  l.b/ifl/f.u.  and  an 
antiferromagnetic  order  of  the  rare-earth  moments  with  no 
contribution  to  the  net  magnetization.  In  order  to  get  a  better 
insight  in  the  peculiarities  of  the  spin  structure  in  the 
RE6Fei3M  compositional  series  we  chose  the  compound 
Nd6Fe,3Sn  and  we  combined  magnetometric  measurements 
in  fields  up  to  14  T  with  a  Mossbauer  study  on  both  nonori¬ 
ented  and  magnetically  oriented  samples. 

The  Nd6Fei3Sn  samples  were  prepared  by  arc  melting  of 
the  pure  constituent  elements.  The  crystal  structure  of 
Nd6Fei3Sn  was  confirmed  to  be  of  the  tetragonal  Nd6Fei3Si 
type^  with  the  space  group /4//wcm.'  The  magnetic  measure¬ 
ments  were  carried  out  using  a  vibrating  sample  magnetome¬ 
ter  (VSM)  in  fields  up  to  14  T  at  temperatures  between  4.2  K 
and  room  temperature  (RT).  The  ^^Fe  Mossbauer  spectra 
were  taken  using  a  conventional  Mossbauer  spectrometer 
equipped  with  a  *’Co  (Rh)  source  at  temperatures  between 
4.2  K  and  RT.  Some  spectra  were  obtain' d  in  the  presence  of 
a  magnetic  field  up  to  8  T  parallel  to  the  direction  of  the 
gamma  rays.  For  both  the  magnetic  and  Mossbauer  measure¬ 
ments  oriented  samples  were  also  used.  The  particles  of 
Nd6Fe|3Sn  were  aligned  at  RT  in  a  magnetic  field  of  about 
2.8  T.  The  field-oriented  Mossbauer  absorbers  were  prepared 
by  embedding  the  powder  in  epoxy  resin  before  applying  a 
field  perpendicular  to  the  plane  of  the  absorber. 

The  magnetization  curves  of  an  oriented  Nd6Fej3Sn 
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sample  measured  in  the  first  quadrant  at  4.2  K  and  RT  with  a 
magnetic  field  oriented  perpendicular  or  parallel  to  the  direc¬ 
tion  of  the  orientation  field  are  shown  in  Figs.  1  and  2.  A 
sharp  transition  at  about  7.1  T  was  observed  at  4.2  K 
for  the  measurement  in  a  field  perpendicular  to  the  orienta¬ 
tion  field  at  a  magnetization  value  of  lAfigltn.  At 
24.3yug/f.u.  a  less  sharp  transition  in  a  field  of  11.3  T  also 
takes  place.  For  the  measurement  in  the  parallel  field  the 
magnetization  increases  stronger  in  the  range  0-10  T  but  in  a 
rather  continuous  manner,  but  again  with  a  transition  in  the 
field  of  11.3  T.  The  magnetization  curve  of  an  unaligned 
powder  was  very  similar  to  the  one  of  the  oriented  powder 
for  the  measurement  in  perpendicular  field. 

The  drastic  increase  of  the  magnetization  above  J?„i  at 
4.2  K  reminds  one  of  similar  findings  in  the  case  of  un¬ 
aligned  REsfejiAly  powder  samples'  considered  as  typical 
for  metamagnetic  transitions  or  a  more  general  first-order 
magnetization  process  (FOMP).  As  can  be  seen  from  Fig.  2, 
the  difference  between  the  magnetization  curve  in  perpen¬ 
dicular  and  parallel  fields  is  strongly  reduced  at  RT.  The 
hysteretic  character  of  the  magnetization  found  at  4.2  K  prac¬ 
tically  vanishes  at  RT.  It  is  also  worth  mentioning  that  the 
value  of  the  magnetization  reached  at  4.2  K  in  our  maximum 
field  of  14  T  was  29.1/iB/f.u.  The  Mossbauer  spectra  taken  at 


FIG.  1.  Magnetization  curves  of  a  field-oriented  Nd^FeisSn  sample  at  4.2  K; 
measuring  field  applied  parallel  to  (upper  curve)  and  perpendicular  (lower 
curve)  to  the  orienting  field. 
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4:2  and;77’Kand  RT  shown  in  Fig., 3  were  basically  fitted  to 
four  Lorentziant  sextets  with  intensity  ratio  1:4:4:4  corre- 
sporiding;to  the'population  of  the  unequivalent  four  iron’sites 
under.the  assumption  that  the  Sn  atoms  occupy  all  the  avail- 
able-4a  sites.  The  as-variable  taken  linewidths  varied  at  4.2 
K  between  0.32  and  0.35  mms“*.  An  extra  sextet  with  a 
relative  intensity  lying  between  6%  and  9%  and  a  hyperfine 
field  of  29  T  at  4.2  K  was  necessary  in  order  to  substantially 
improve  the  fit.  A  Mossbauer  spectmm  taken  at  320  K  elimi¬ 
nated  -.the  suspicion  of  the  presence  of  some  amount  of 
Nd2Fei7  with  7^=329  K  as  a  second  phase.  The  origin  of  the 
fifth' sextet  still  has  to  be  determined. 

The  magnetic  ordering  temperature,  the  one  at  which  the 
narrowing  sextets  collapsed  giving  rise  to  paramagnetic  dou¬ 
blets,  reached  about  410  K  in  very  good  agreement  with 
Tf/=420  K  obtained  recently  in  a  magnetic  study  of 
NdfiFeiaSn."*  The  values  of  the  hyperfine  (HF)  field  at  4.2  and 
77  K  and  RT  are  given  in  Table  I.  The  assignment  of  the  HF 
values  to  the  different  Fe  sites  is  based  as  proposed  in  Ref.  2 
on  the  nearest-neighbor  environment  of  the  Fe  atoms,  i.e., 
the  number  of  Fe  and  RE  neighbors  and  distances  to  them. 
Our  room-temperature  HF  values  are  similar  to  the  ones 
found  recently  by  Hu  et  al?  for  Pr5Fe|3Ge  and  NdfiFe^Ge. 
The  average  HF  values  of  31  and  30.6  T  at  4.2  and  77  K, 
respectively,  are  very  similar  to  the  average  hyperfine  fields 
of  31.2  T  at  4.2  K  and  29.7  T  at  77  K  found  for  the  interme- 
tallic  compound  Y2Fei7.^  Taking  15  Tlfig  for  the  iron  hyper¬ 
fine  field  constant  one  obtains  an  average  iron  moment  of 
2.06/4^  at  4.2  K  and  IMjiB  at  RT. 

The  4.2  K  Mossbauer  spectrum  of  a  sample  prepared 
from  a  powder  previously  oriented  in  a  magnetic  field  at  RT 
offered  strong  evidence  for  the  preferential  orientation  of  the 
Fe  moments  close  to  or  in  the  plane  of  the  absorber.  Such 
behavior  was  confirmed  by  taking  RT  Mossbauer  spectra  of 
the  oriented  absorber  under  the  variable  angles  of  90°,  60°, 
45°,  and  35.3°  with  respect  to  the  direction  of  gamma  rays. 
From  the  ratios  between  the  intensities  of  the  third  and  sec¬ 
ond  lines  of  the  Mossbauer  fitting  sextets  one  derives  an 
average  angle  of  about  30°  between  the  direction  of  the  Fe 
spins  and  the  plane  of  the  absorber.  Because  one  cannot  ex¬ 
pect  a  perfect  orientation  of  the  particles  which  already  may 
contain  several  crystallites  it  seems  reasonable  to  assume  that 


B  (T) 


FIG.  2.  The  same  as  in  Fig.  1  but  at  RT. 


E371 :Nd6Fei3Sn  4.2K 


FIG.  3.  Best  fits  to  the  Mossbauer  spectra  of  Nd^FcisSn  taken  at  4.2,  77, 
and  295  K. 

Fe  moments  are  probably  oriented  close  to  or  in  plane  of  the 
absorber.  A  parallel  ferromagnetic  orientation  of  the  Fe  mo¬ 
ments  has  to  provide  at  4.2  K  a  contribution  to  the  total 
moment  of  26.8^g/f.u.  It  is  usual  to  take  for  the  Nd  moment 
in  the  rare-earth  intermetallics  with  iron  the  free-ion  value  of 
3.2)tifl ,  giving  rise  for  the  parallel  alignment  to  a  contribution 
of  19.2/ifl/f.u.  In  the  ferromagnetic  alignment  of  both  Fe  and 
Nd  moments  one  should  therefore  expect  46yUB/f.u.  at  4.2  K, 
i.e.,  much  more  than  the  29.1/ifl/f.u.  we  got  from  the  mag- 


TABLE 1.  Hyperfine  field  values  at  4.2,  77,  and  295  K  for  the  four  crystal- 
lographically  nonequivalent  Fe  sites  in  the  crystal  lattice  of  Nd^Fej^Sn. 


Crystallographic 

site 

Hyperfine  field 

(I) 

4.2  K 

77  K 

RT 

4d 

36.6 

35 

29.5 

16k 

34.7 

34.4 

27.8 

16/, 

33.3 

33.1 

26 

16/2 

23.5 

23.4 

19 
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netic  measurement  in  14  T  at  this  temperature.  The  tendency 
of  the  Fe  spins  to  lie  in  a  plane  perpendicular  to  the  direction 
of  the  orientation- field  at  room  temperature  and  also  after 
cooling  the  oriented  Mossbauer  absorber  down  to  4.2  K 
speaks  for  a  type  of  antiferromagnetic,  maybe  noncolinear, 
spin  arrangement  of  the  Fe  magnetic  sublattices.  In  fact  a 
ferromagnetic  arrangement  even  with  a  small  total  magnetic 
moment  would  give  rise  to  a  Mossbauer  absorber  prepared 
under  field  orientation  to  another  pattern  of  intensities  with 
the  tendency  of  the  disappearance  of  the  lines  2  and  5,  which 
was  obviously  not  the  case.  The  Mossbauer  spectra  of  an 
unoriented  absorber  taken  in  fields  of  2, 4,  and  8  T  at  RT  also 
offer  evidence  for  an  antiferromagnetic  spin  arrangement  as 
a  ground  state.  In  fields  up  to  4  T  the  lines  of  some  Mdss- 
bauer  subspectra  shift  as  if  the  field  direction  would  be  op¬ 
posite  to  the  direction  of  the  hyperfine  field,  whereas  for 
other  subspectra  the  shifts  correspond  to  hyperfine  fields  par¬ 
allel  to  the  direction  of  the  applied  magnetic  field.  However, 
the  Mossbauer  spectrum  taken  in  a  field  of  8  T  all  the  line- 
shifts  can  be  attrii  uted  to  Fe  moments  oriented  preferentially 
in  the  direction  of  the  applied  field,  which  has  to  be  opposite 
to  the  intrinsic  hype -fine  field.  It  is  worth  mentioning  that  the 
field  of  8  T  is  larger  than  the  critical  field  of  7.1  T  in 
which  (at  4.2  K)  the  more  drastic  increase  of  the  magnetiza¬ 
tion  already  mentioned  above  starts  (Fig.  1).  For  this  reason 
we  can  tentatively  assume  that  at  a  kind  of  metamag- 


netic  transition  involving  the  Fe  magnetic  sublattices  of 
Nd6Fci3Sn  takes  place.  An  interesting  point  is  that  the  rela¬ 
tive  change  of  the  average  Fe  hyperfine  field  between  4.2  K 
and  RT  coincides  practically  with  the  relative  variation  of  the 
magnetization  in  the  same  temperature  range.  That  could 
mean  in  agreement  with  Hu  et  al?  that  at  least  up  to  our 
maximum  field  of  14  T  the  Nd  contribution  to  the  total  mag¬ 
netization  is  relatively  small,  and  the  Nd  magnetic  sublattice 
is  basically  antiferromagnetic  with  a  strong  negative  cou¬ 
pling,  the  overall  exchange  coupling  to  the  Fe  magnetic  su- 
blattice  being  probably  rather  weak. 

In  conclusion  it  seems  that  the  RE6Fei3M  intermetallics 
are  characterized  by  not  very  strong  antiferromagnetic  inter¬ 
actions  inside  the  Fe  magnetic  sublattice,  whereas  in  the  RE 
sublattice  the  antiferromagnetic  exchange  is  much  more 
stronger.  Magnetic  measurements  in  very  high  fields  on  both 
polycrystalline  and  single-crystal  samples  and  magnetic  scat¬ 
tering  studies  would  be  very  useful  indeed  in  order  to  better 
understand  the  complex  spin  structure  of  these  compounds. 
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The  noncollinear  hexagonal  antiferromagnet  UPdSn  exhibits  two  magnetic  phase  transitions,  at  35.5 
and  23  K.  The  first  transition  is  from  a  hexagonal  paramagnetic  state  to  a  noncollinear 
antiferromagnetic  state  with  a  doubled  unit  cell  (phase  I).  The  second  23-K  transition  is  to  a 
monoclinic  magnetic  structure  (phase  II).  Ever  since  these  transitions  were  discovered,  the  question 
has  been  whether  the  moments  simply  rotate  at  23  K,  or  whether  the  y  and  z  components  of  the 
moment  order  at  35.5  K  while  the  x  component  orders  out  of  incipient  fluctuations  at  the  lower  23-K 
transition.  While  previous  powder  studies  were  rather  inconclusive  on  this  point,  in  this  study  new 
single-crystal  neutron-diffraction  results  are  presented  that  show  the  second  picture  to  be  conect.  In 
addition,  the  structural  distortions  that  accompany  the  change  in  symmetry  are  discussed  and  show 
that  there  is  phase-II  type  magnetic  short-range  order  between  23  and  35.5  K. 


The  ternary  intermetallic  compound  UPdSn  is  one  mem¬ 
ber  of  the  set  of  1:1:1  UTX  (where  T= transition  metal, 
X=p-electron  metal)  compounds  that  has  been  studied  for 
some  time  now^'^  with  a  view  to  understanding  the  role  of 
f-d  hybridization  in  uranium  magnetism,  and  in  particular 
the  huge  magnetocrystalline  anisotropies  that  are  observed.  A 
picture  is  emerging  in  which  the  /  electrons  hybridize  in 
directions  or  planes  containing  nearest-neighbor  U-U  links, 
with  the  ordered  magnetic  moments  perpendicular  to  these 
directions  or  planes.  However,  UPdSn  does  not  fit  the  gen¬ 
eral  pattern  and  exhibits  more  localized  behavior,  as  mani¬ 
fested  in  its  low  electronic  specific  heat  (yei=5 
J  mol"'  K"^)‘*  and  its  relatively  large  ordered  moment  (2.05 
fiB  at  low  temperature).^  The  Pd  and  Sn  atoms  are  ordered 
chemically  in  the  GaGeLi  structure  and  the  uranium  ions 
exhibit  a  complicated  noncollinear  magnetic  structure  with  a 
Neel  temperature  of  37  K.^  The  original  powder-diffraction 
work^  on  the  magnetic  structure  assumed  two  magnetic 
phase  transitions,  the  lower  being  at  25  K,  with  a  monoclinic 
noncollinear  magnetic  structure  (phase  II,  see  Fig.  1)  below 
25  K,  an  orthorhombic  noncollinear  magnetic  structure 
(phase  I,  in  which  0=0  and  ■y=90°)  between  25  and  37  K 
and  a  paramagnetic  hexagonal  phase  above  37  K;  Magneti¬ 
cally  driven  structural  distortions  with  these  symmetries  have 
recently  been  observed  and  characterized,®  confirming  the 
original  magnetic  structure  determination.  However,  there 
have  always  been  two  different  ways  of  regarding  the  25-K 
transition;  in  a  moment-rotation  picture,  well-defined  local 
moments  would  start  to  rotate  away  from  the  b-c  plane  at  25 
K,  but  there  would  be  no  anomalies  in  the  temperature  varia¬ 
tion  of  the  total  uranium  moment.  Alternatively,  the  y  and  z 
components  of  the  moment  could  order  at  37  K,  while  the  x 
component  ordered  at  the  lower  temperature  of  25  K.  In 
between,  /t,  would  only  be  short-range  ordered  or  fluctuat¬ 
ing.  In  this  case,  there  would  be  a  discontinuity  in  the  varia¬ 


tion  of  the  total  moment  with  temperature,  so  the  two  pic¬ 
tures  should  be  distinguishable  by  experiment.  In  fact  a 
careful  temperature-dependent  study  has  already  been  done 
on  a  powder  sample,^  but  the  results  were  rather  inconclu¬ 
sive.  If  viewed  in  spherical-polar  coordinates,  the  order  pa¬ 
rameters  all  seem  to  vary  smoothly  with  no  evidence  of  the 
25-K  transition.  On  the  other  hand,  if  viewed  in  Cartesian 
coordinates,  it  seems  that  jUy  orders  at  37  K  or  so  while 
orders  at  25  K,  thereby  favoring  the  idea  that  /u^  condenses  at 
the  lower  temperature. 

Since  that  study  single  crystals  have  been  grown  and,  in 
the  course  of  a  study  of  the  magnetic  phase  diagram®  of 
UPdSn,  it  was  shown  that  the  010  reflection,  whose  intensity 
is  proportional  to  yu^,  does  vary  much  more  sharply  with 


FIG.  1.  The  ctystallograpbic  and  magnetic  structures  at  low  temperature  of 
UPdSn,  with  magnetic  space  group  PfllZi.  The  figure  on  the  right  shows 
the  monociinic  basal  plane.  The  primitive  crystallographic  unit  cell  (which 
corresponds  to  the  parent  hexagonal  cell)  is  shown  by  the  dashed  lines, 
while  the  magnetic  unit  cell  is  shown  by  the  solid  lines.  The  figure  on  the 
left  shows  the  projection  onto  a  plane  perpendicular  to  the  a  axis.  Neither 
the  atom  sizes  nor  the  lattice  constants  are  drawn  to  scale  and  the  deviation 
from  90°  of  the  monoclinic  angle  y  has  been  grossly  exaggerated.  However, 
the  atom  coordinates  within  the  cell  are  drawn  to  scale. 
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temperature  than:in  the  {»wder.'ln'this;^rticlej  we  rejportnew- 
temperature-dependent  single-crystal  data  taken  on  the  010, 
Oil,  012, 100,  and  120  reflections.  These  give  definitive  evi¬ 
dence  that  does  indeed  condense  at  the  lower  temperature 
of  23  K  and  that  it  is  short-range  ordered  or  fluctuating  be¬ 
tween  23  and  35.5  K. 

The  crystal  of  UPdSn  is  the  same  1  mm-diam  5-mm- 
long  sample  used  in  previous  studies-of  the  magnetic  phase 
diagram®  and  magnetic  form  factor.®  It  was  grown  by  the 
tri-arc  Czochralski  method  and  for  the  present  experiments 
was  glued  into  a  1-cm-diam  cylindrical  aluminum  block.  The 
cylinder  axis  of  the  crystal  was  approximately  18“  away 
from  the  [110]h„ago„ai  (=[100]or«,orhoinbic)  axis  which  was 
aligned  along  the  axis  of  the  aluminum  block.  This  was  in¬ 
stalled  in  a  closed-cycle  heliuih  refrigerator,  which  was 
mounted  on  the  BT-4  triple-axis  spectrometer  at  the  NIST 
Research  Reactor.  A  pyrolytic  graphite  monochromator  and 
filter  were  used  with  an  incident  neutron  wavelength  y=2.35 
A  and  the  analyzer  was  removed.  For  most  of  tliie  data  pre¬ 
sented  here,  the  collimation  was  40740740',  but  both 
coarser  (40'/40'/open)  and  tighter  (66'/20'/20'  and 
20'/20'/10')  collimations  were  used  in  the  specific  instances 
noted  in  some  of  the  figures.  Two  different  crystal  orienta¬ 
tions  were  used;  (a)  with  the  [100]  orthorhombic  axis  verti¬ 
cal,  giving  access  to  the  010,  Oil,  and  012  reflections  of  one 
particular  domain  pair,  and  (b)  the  [001]  axis  giving  access  to 
the  010, 120,  and  100  reflections  of  the  same  domain  pair.  As 
the  cylinder  axis  of  the  sample  is  close  to  vertical  in  the  first 
geometry,  corrections  for  self-absorption  are  a  minimum  in 
this  case  and  will  be  similar  for  the  010,  Oil,  and  012  reflec¬ 
tions.  In  contrast,  with  the  [001]  axis  vertical  such  correc¬ 
tions  will  be  much  larger  and  more  variable  from  reflection- 
to-reflection.  We  have,  therefore,  only  used  the  010, 011,  and 
Oil  reflections  to  determine  the  model  parameters  fi,  6,  and 
<f>  in  the  magnetic  structure  of  UPdSn. 

The  temperature  variations  of  the  peak  intensities  of  all 
reflections  measured  are  shown  in  Fig.  2.  The  peak  widths 
were  also  measured  at  a  limited  sample  of  these  temperatures 
for  each  reflection  and,  except  for  the  case  of  the  100  reflec¬ 
tion,  were  found  to  be  temperature  independent.  There  is 
evidence  in  these  scans  of  two  transitions  and  we  extract 
transition  temperatures  of  23  a-id  35.5  K.  These  values  are  in 
reasonable  agreement  with  previous  results. 

In  the  case  of  the  100  reflection,  full  peak  scans  were 
also  made  in  order  to  measure  the  integrated  intensities  and 
the  results  are  shown  in  Fig.  3.  These  results  are  very  differ¬ 
ent  from  the  peak  intensities  in  Fig.  2(e)  and  the  reason  is 
that  the  peak  width  increases  dramatically  below  23  K.  The 
inset  to  Fig.  3  shows  peak  widths  of  rocking  curves  mea¬ 
sured  with  very  high  angular  resolution.  This  broadening  is 
due  to  the  structural  transformation,  i.e.,  orthorhombic  to 
monoclinic,  that  accompanies  the  magnetic  transition  from 
phase  I  to  phase  11.®  The  monoclinic  angle  y  has  previously 
been  determined  to  be  90.35“,  by  means  of  high-resolution 
neutron  powder  diffraction.®  No  splitting  between  the  two 
monoclinic  domains  was  observed,  but  the  angular  distribu¬ 
tion  is  broad  and  flat-topped  with  a  width  of  approximately 
0.8“  full  width  at  half-maximum  (FWHM).  This  is  qualita¬ 
tively  consistent  with  having  both  monoclinic  domains  and 


FIG.  2.  The  variation  in  pe.ak  intensity  with  temperature  for  the  following 
magnetic  Bragg  reflections;  (a)  010,  (b)  012,  (c)  Oil,  (d)  120,  and  (e)  100. 
All  data  are  for  the  magnetic  domain  (or  pair  of  domains  in  the  low- 
temperature  mor  aclinic  phase)  and  40740740'  collimation  was  used  in  all 
cases.  The  solid  circles  represent  data  taken  with  the  [100]  orthorhombic 
axis  vertical,  while  the  open  circles  represent  data  taken  with  the  [001]  axis 
vertical.  The  data  were  counted  for  5  min  per  point  except  for  the  solid 
circles  in  (a)  which  were  counted  for  3  min  per  point.  These  single  crystal 
data  are  directly  comparable  with  the  powder  results  in  Fig.  4  of  Ref.  7. 


the  consequent  angular  spread  of  0.7“  between  them,  but 
with  a  large  population  of  domains  in  each  orientation  and  a 
continuous  distribution  of  orientations  to  accommodate  the 
strains  that  are  induced  by  the  transformation. 

We  therefore  believe  that,  apart  from  the  100  reflection, 
the  peak  intensities  are  proportional  to  the  integrated  inten¬ 
sity  that  one  would  measure  in  a  rocking-curve  measure¬ 
ment.  The  intensity  of  the  010  reflection  shown  in  Fig.  2(a)  is 
much  as  reported  previously,  for  this  single  crystal.®  There  is 
also  clear  evidence  of  two  transitions  in  Figs.  l(b)-(d).  In¬ 
deed  it  is  almost  inconceivable  that  simple  moment  rotation 
could  give  rise  to  the  step  rise  at  approximately  23  K.  In 
order  to  demonstrate  this  point  definitively,  the  intensities  of 
the  010,  oil,  and  012  reflections  were  fitted  to  the  model  of 
the  magnetic  structure  shown  in  Fig.  1.  The  high-temperature 
background,  derived  from  data  points  with  temperatures 
greater  than  42  K,  was  subtracted  from  the  data  and  the 
intensities  were  cone  .  ted  for  the  difference  in  counting  time, 
the  1/sin  d  Lorentz  factor  as  is  appropriate  for  integrated  in¬ 
tensities  of  rocking  curves*®  a.nd  the  magnetic  form 
factor.®  The  model  parameters  fi,  ti,  and  0  were  then  treated 
as  adjustable  variables  and  the  results  are  shown  as  the  solid 
circles  in  Fig.  4.  The  rise  in  total  moment  at  23  K  is  clear 
evidence  that  me  moments  are  not  simply  rotating.  An  extra 
component  seems  to  be  condensing  at  this  temperature.  The 
open  c-rcles  in  Fig.  4  represent  simpiy  the  compoi-.ent  of  the 
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FIG.  3.  The  variation  in  integrated  intensity  for  rocking  curves  through  the 
100  magnetic  reflection,  as  a  function  of  temperature.  The  solid  circles  are 
the  raw  data  and  the  dashed  line  is  calculated  from  the  model  parameters 
displayed  in  Fig.  4,  which  were  in  turn  derived  from  the  peak  intensities  of 
the  010,  Oil,  and  012  reflections  as  displayed  in  Fig.  2.  The  inset  shows  the 
variation  in  peak  width  with  temperature  for  the  same  100  reflection  mea¬ 
sured  with  20710710'  eolliniation. 


moment  in  the  b-c  plane  and  this  is  fairly  well  behaved  at  23 
K.  The  small  glitch  there  may  be  evidence  of  coupling  be¬ 
tween  moments  in  the  b-c  plane  and  those  perpendicular 
to  it,  but  the  basic  picture  for  this  material  is  that  the 
in-pi'ane  moments  condense  at  35.5  K  with  condensing  at 
the  lower  transition.  Now,  the  integrated  intensity  of  the  100 
refle'^tioii  is  simply  proportional  to  and  we  can,  therefore, 
calculate  the  intensity  of  the  100  reflection  at  all  tempera¬ 
tures  from  the  values  of  fXy.  Suitably  scaled  to  the  lowest- 
temperature-measured  integrated  intensity,  these  results  are 
shown  as  the  dashed  line  in  Fig.  3.  The  agreement  between 
these  results,  which  were  derived  from  the  peak  intensities  of 
the  010,  Oil,  and  012  reflections  are  in  very  good  agreement 
with  our  direct  measurements  of  integrated  intensities  for  the 
ICO  reflection. 

In  summary,  the  main  result  of  this  article  is  shown  in 
the  lowest  panel  of  Fig.  4,  which  shows  definitively  that  the 
23-K  transition  in  UPdSn  is  best  thought  of  as  due  to  con¬ 
densation  of  a  long-range  ordered  out  of  short-range  mag¬ 
netic  order  in  this  coordinate  between  23  and  35.5  K.  In 
UPaSn,  we  are  not  dealing  with  simple  rotation  of  local  mo¬ 
ments.  In  addition,  we  have  observed  a  large  orientational 
broadening  in  the  .single  crystal,  which  is  consistent  with  the 
monoclinic  structun'l  distortion  previously  observed  by  pow¬ 
der  diffraction. 


FIG.  4.  The  variation  of  model  parameters  /t,  6,  and  if>>  with  temperature  as 
extracted  from  the  010,  011,  and  012  peak  intensities  from  Fig.  2.  These 
single-crystal  data  are  directly  comparable  with  the  powder  results  in  Fig.  3 
of  Ref.  7.  The  dashed  lines  are  guides  to  the  eye  and  have  no  theoretical 
signiflcance. 
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Although  ipf  ny  binary  heavy  rare-earth  alloy  systems  have  been  studied  extensively,  there  has  been 
little  '.vorl,  reported  on  the  Dy-Lu  system.  Tlie  properties  of  single-crystal  Dy^^ Luj  films  grown  by 
molecular  beam  epitaxy  are  reported.  SQUID  magnetometer  and  neutron  difih'action  measurements 
on  samples  with  x:=0.4,  0.5,  and  0.6  show  that  the  samples  order  helimagnetically  with  Neel 
temperatures  of  r;v=90,  105,  and  120  K,  respectively.  The  helical  turn  angle  was  mapped  as  a 
function  of  temperature  for  each  of  the  three  alloys.  Magnetic  x-ray  scattering,  the  first  in  an  alloy, 
was  observed  at  the  (002)~  positions  at  15  and  60  K  in  the  a:=0.4  sample  using  resonant  exchange 
scattering  of  synchrotron  radiation  at  the  Dy  Lni 


Due  to  the  similarity  of  their  chemical  properties,  the 
heavy  rare  earths  and  yttrium  are  almost  completely  mutu¬ 
ally  soluble.  In  binary  alloys,  the  concentration  may  be  var¬ 
ied  continuously  to  change  such  properties  as  the  ordering 
temperature  and  lattice  spacings.*  Ordering  temperatures  and 
wave  vectors  for  the  heavy  rare-earth  binarv  alloys  with  each 
other  and  with  Y  have  been  shown  to  follow  universal 
curves.^  While  many  rare-earth  alloys  have  been  studied  in 
the  past,  little  work  has  been  repotted  on  the  Dy-Lu  alloy 
system.  This  system  is  of  interest  as  part  of  our  ongoing 
work  on  Dy/Lu  superlattice  structures.^ 

We  have  studied  three  c-axis  samples  grown  by  molecu¬ 
lar  beam  epitaxy  (MBE)  at  the  University  of  Illinois  Epicen¬ 
ter.  The  Dyo.4Luo,(i,  Dyo,5Luo.5,  and  Dyo.6Luo.4  alloy  films  are 
2300, 2400,  and  20  540  A  thick,  respectively.  The  films  were 
grown  on  Y  and  Nb  buffer  layers  upon  a  sapphire  substrate 
and  with  Lu  cap  layers.  Sample  quality  was  verified  by  x-ray 
diffraction.  The  2300-  and  2400-A  films  have  in-plane  mo¬ 
saics  of  0.3°  and  0.4°,  respectively.  The  thick  (2.05-/im)  film 
has  an  in-plane  mosaic  of  0.1°.  The  c-axis  coherence  lengths 
of  the  films  were  760  A  for  the  Dyo  4LU0.6  film,  600  A  for  the 
Dyo  sLuo  s  film,  and  1330  A  for  the  thickest  film  (Dyo,6Luo.4). 

In  bulk  Dy,  the  moments  initially  order  at  K  in 

a  c-axis  helimagnetic  structure;  the  moments  are  confined  to 
the  basal  plane,  and  their  direction  rotates  through  a  turn 
angle  w(T)  in  going  from  layer  to  layer  along  the  c  axis.  The 
initial  turn  angle  to,  is  43°  just  below  ,  decreasing  to  26.5° 
at  7^=89  K.  Below  Tq,  bulk  Dy  is  ferromagnetic.  Bulk  Lu 
is  weakly  paramagnetic.  We  will  contrast  the  properties  of 
Dy-Lu  alloys  with  bulk  Dy. 

The  magnetic  moment  was  measured  as  a  function  of 
temperature  using  a  SQUID  magnetometer  in  zero-field 
cooled  (ZFC)  and  field-cooled  (FC)  configurations.  Cusps  in 
the  field-cooled  susceptibility  indicate  that  the  Neel  tempera¬ 
tures  occur  at  90,  105,  and  120  K  for  the  Dyo.4Luo,6, 
DyosLuos,  and  Dyo.6Luo.4  films,  respectively  (see  Fig.  1). 
The  Neel  temperatures  of  the  alloys  follow  the  2/3  power  of 
the  effective  spin  parameter  (de  Gennes  factor) 

a:=c(\-1)2j(J+1),  (1) 


where  c  is  the  concentration  of  the  rare  earth  with  angular 
momentum  J,  and  X.  is  the  Lande  factor.  Neel  temperatures 
of  many  other  rare  earth-rare  earth,  rare  earth-yttrium,  and 
rare  earth-lutetium  binary  alloys  have  been  shown  to  follow 
this  universal  curve'*  (see  inset.  Fig.  2).  Consistent  with  pre¬ 
vious  results,^  which  show  a  sharp  suppression  of  Tq  in 
heavy  rare  earths  diluted  with  Y  and  Lu,  no  ferromagnetic 
transition  was  observed  at  temperatures  above  10  K  in  any  of 
the  three  Dy-Lu  alloy  samples. 

The  Neel  temperatures  were  confirmed  by  neutron  dif¬ 
fraction,  and  the  films  were  shown  to  order  helimagnetically 
(see  Fig.  2).  The  magnetic  coherence  length  along  the  c  axes 
of  the  films  is  approximately  the  same  as  the  structural  c-axis 
coherence  length  at  low  temperatures.  The  intensity  and  po¬ 
sition  of  the  magnetic  satellites  were  determined  as  a  func¬ 
tion  of  temperature  for  the  three  films.  The  separation  Q  of 
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FIG.  1.  Field-cooled  SQUID  magnetization  data  in  a  5-kOe  field.  Cusps  in 
the  susceptibility  indicate  Neel  temperatures  of  90,  105,  and  120  K  for  the 
Dyo^Luot,  Dyo^Lug^,  and  Dyo6Luo4  alloys,  respectively. 
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FIG.  2.  Neutron  scan  along  the  c*hcp  axis  of  sampl;  Dyo.jLuoj  at  30  K. 
The  structural  (002)  Bragg  peak  at  (3z=2.26  A'*  has  magnetic  satellites  at 
1.97  and  2.54  A”',  indicating  helimagnetic  order.  The  structural  peak  at  2.20 
A" '  is  from  the  (002)  Y  buffer  layer.  Inset.  Neel  temperature  as  a  function  of 
the  2/3-power  ot  the  de  Gennes  factor  for  selected  alloys.  Tb-Y,  Tb-Lu,  and 
Dy-Y  data  arc  from  from  Ref.  5.  The  data  are  seen  to  follow  the  curve  given 
by  Tf/=46x^'^. 


FIG.  4.  Synchrotron  xray  diffraction  data  showing  the  Dy  (002)  Bragg  peak 
(Qz=2.26  A”')  and  x-ray  resonant  enhanced  magnetic  satellites  ()2z=1.974 
and  2.541  A*')  of  sample  Dyo4Luo6  at  15  K.  The  structural  peaks  at  2.20 
and  2.27  A“'  are  due  to  the  Y  buffer  layer  and  Lu  cap  layer,  respectively. 
Note  the  different  scalis  for  the  nuclear  and  magnetic  scattering. 


the  magnetic  satellites  from  the  central  (002)  Bragg  peak 
determines  the  turn  angle  per  atomic  layer.  The  turn  angles 
w=Qc/2,  where  c  is  the  lattice  constant,  for  the  Dyo4Luo6 
and  Dyo,5Luo,5  films  varied  with  temperature  from  47*  at 
to  45®  at  low  temperature  (see  Fig.  3).  The  turn  angle  for  the 
thicker  fdm  varied  over  a  wider  range;  from  47.5°  at  the  Neel 
temperature  to  43.5®  at  low  temperature.  Previous  work  nas 
shown  similar  results;  Child’  et  al.  have  found  that  the  turn 


FIG.  3.  Helimagnetic  c-axis  turn  angle  per  atomic  layer  for  each  of  the  three 
alloys  as  a  function  of  temperature.  Lines  through  data  points  serve  to  guide 
the  eye. 


angle  initially  decreased  linearly  with  temperature  from 
in  heavy  rare  earth-yttrium  alloys,  then  remained  constant  at 
low  temperatures.  As  the  concentration  of  Y  was  increased, 
w(J)  varied  over  a  smaller  range,  and  at  high  Y  concentra¬ 
tions  approached  50°  per  layer  at  all  temperatures  below  T^. 
The  Tb-Lu’  and  Dy-Lu  systems  have  qualitatively  similar 
behavior  to  the  rare  earth-yttrium  systems,  although  the  lim¬ 
iting  turn  angle  appears  closer  to  48°. 

Synchrotron  x-ray  magnetic  scattering,  the  first  in  an  al¬ 
loy,  was  observed  from  the  (002)*  magnetic  satellites  using 
resonant  exchange  scattering  enhancement  (XRES)  at  the  Dy 
Liii  edge.®  The  Dyo,4Luo.6  alloy  was  studied  at  the  National 
Synchrotron  Light  Source  at  Brookhaven  National  Labora¬ 
tory.  The  first-order  harmonic  was  used  to  study  the  helimag¬ 
netic  structure  of  the  alloy  at  low  temperature.  A  polarimeter 
was  used  to  separate  magnetic  from  charge  scattering  by  ex¬ 
ploiting  the  fact  that  the  polarization  of  magnetically  scat¬ 
tered  radiation  is  rotated  90°  relative  to  the  incident  polariza¬ 
tion.  Here,  we  label  the  major  polarization  component  of  the 
incident  radiatic  (97%)  or  and  the  orthogonal  polarization  tt. 
Radiation  scattered  from  the  sample  is  diffracted  a  second 
time  from  the  polarimeter  analyzer  crystal  at  a  Bragg  angle 
{$)  of  44.8°  in  order  to  select  out  a  single  polarization  com¬ 
ponent. 

The  Dy  (002)*  magnetic  satellites  of  the  (002)  Bragg 
peak  were  seen  when  scattering  from  the  incident  cr  polar¬ 
ization  into  the  detector  tt  configuration.  At  15  K,  magnetic 
satellites  are  located  at  g  (002) '^=2.541  A”*  and 
Q(002)"  =  1.974  A"’  (Fig.  4),  corresponding  to  a  turn  angle 
of  45.2°  per  atomic  layer.  At  60  K,  the  integrated  intensity  of 
the  magnetic  peaks  has  decreased  by  a  factor  of  0.7  from  the 
15  K  data,  and  the  turn  angle  is  45.7°  per  atomic  layer.  These 
results  are  consistent  with  the  earlier  neutron  diffraction  data 
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taken  at  NIST.  At  120  K  no  magnetic  satellites  were  visible. 
The  satellites  were  not  observed  in  the  analyzer  a--a-  scatter¬ 
ing;  configuration  at  any  temperature. 

We'have  studied  the  magnetic  ordering  of  Dy^Lui.^t  al¬ 
loys  using  a  variety  of  techniques.  The  Neel  temperatures  of 
the' three  alloys  {x=QA,  0.5,  and  0.6)  and  suppression  of  the 
Dy  ferromagnetic  transition  are  consistent  with  the  behavior 
of  other  rare-earth  alloy  systems.  A  helimagnetic  structure 
was  confirmed  by  neutron  diffraction,  and  the  turn  angle 
tu(r)  was  shown  to  have  a  qualitatively  similar  temperature 
dependence  to  Tb-Y,  Tb-Lu,  and  Dy-Y  alloys.^  Magnetic 
x-fay  scattering  was  observed  at  the  (002)”  positions  at  15 
and  60  K  in  the  x =0.4  sample  using  resonant  exchange  scat¬ 
tering  of  synchrotron  radiation  at  the  Dy  Ijh  edge. 
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Magnetic  ordering  and  eiectric  poiarizabiiity  of  Zn-doped  La2Cu04+^ 
single  Crystais 

G.  Cao,  J.  W.  O’Reilly,  J.  E.  Crow,  and  L.  R.  Testardi 

National  High  Magnetic  Field  Laboratory  and  Center  for  Materials  Research  and  Technology, 

Florida  State  University,  Tallahassee,  Florida  32306 

Mapetization,  mapetic  susceptibility,  and  low-frequency  dielectric  constant  of  La2Cuj  _;tZn^04+^ 
Oc=0,  and  0.07)  single  crystals  were  measured.  Results  obtained  in  this  work  show  that  Zn  doping 
eliminates  spins  from  CuO  planes,  thus,  reducing  the  conelation  length,  feo-  However,  unlike  Sr 
doping,  mapetic  dilution  due  to  Zn  doping  is  a  very  local  effect,  thus  suppresses  Tf^  relatively 
slowly  and  shows  little  impact  on  metamagnetic  behavior.  Our  data  marks  a  difference  from  some 
results  previously  reported  which  claimed  a  stronger  effect  on  Zn  doping  on  the  magnetic  properties. 

It  is  interesting  that  Zn  doping  shows  a  large  influence  on  the  dielectric  properties,  and  resulting  in 
a  significant  change  in  the  dielectric  constant  .  Most  remarkably,  the  simultaneous  polarization 
and  magnetization  ordering,  described  in  this  study,  suggests  a  coupling  of  magnetic  ordering  and 
electric  polarizability  in  the  oxides. 


One  of  the  fundamental  features  found  in  the  high  Tc 
cuprates  is  the  dramatic  disappearance  of  the  insulating  ari- 
tiferromagnetic  (AF)  long-range  order  and  the  appearance  of 
the  superconducting  state  upon  the  introduction  of  mobile 
vacancy.  The  properties  of  the  AF  insulating  state  for 
La2Cu04  can  be  understood  in  terms  of  a  two-dimensional 
(2D)  5=1/2  Heisenberg  model,  and  the  origin  of  the  mag¬ 
netism  is  commonly  attributed  to  the  copper  configura¬ 
tion.  However,  the  nature  of  the  superconducting  state  re¬ 
mains  a  puzzle.  A  considerable  attention  has  been  focused  on 
pairing  models  originating  from  a  variety  of  approaches  ap¬ 
plied  to  the  t-J,  2D  Hubbard,  and  other  related  models. 
These  models  generally  rely  on  some  type  of  magnetic  inter¬ 
actions  to  drive  the  charge  carrier  pairing  responsible  for  the 
superconductivity.  Thus  It  is  critical  to  establish  a  more  com¬ 
plete  understanding  of  the  unusual  magnetic  behavior  dis¬ 
played  by  La2Cu04  and  the  change  of  their  magnetic  re¬ 
sponse  with  change  in  canier  density  and  impurities.  The 
dielectric  constant,  on  the  other  hand,  can  also  provide  im¬ 
portant  insights.  It  has  been  observed  that  the  near- 
conducting  phases  of  YBa2Cu307_,5,’  PrBa2Cu307_5,^  and 
related  materials^"’  have  shown  the  occurrence  of  enhanced 
low-frequency  dielectric  response  approaching  values  re¬ 
ported  for  fenoelectrics.  Recently,  we  have  reported*  dielec¬ 
tric  measurements  of  La2Cu044.,j  which,  again,  show  large 
dielectric  constants  and,  in  addition,  a  further  enhancement 
of  the  electric  polarizability  in  the  vicinity  of  the  magnetic 
ordering.  Since  such  dielectric  behavior  is  often  the  signature 
of  ferroelectricity  or  incipient  ferroelectricity  in  many  perov- 
skite  oxides,  such  as  BaBii_;tPb^03,  it  has  been  tempting  to 
suggest  the  possibility  of  a  common  origin  of  ferroelectricity 
and  high  r<.  superconductivity  in  oxides.’"^  Bussmann- 
Holder  eta/.,'*  in  particular,  have  drawn  attention  to  this 
point  and  described  a  lattice  dynamical  model  for  displacive- 
type  (or  soft  mode)  fenoelectrics  which  might  be  applied  to 
high  Tc  superconductors. 

With  these  considerations  in  mind,  we  have  recently  fo¬ 
cused  our  attention  to  Zn-doped  La2Cu044.5  as  an  extension 
of  our  study  of  magnetic  and  dielectric  properties  in 
La2Cu04+,.  It  is  well  known  that  substituting  small  amounts 


of  Zn  for  Cu  strongly  inhibits  superconductivity  in  both 
La2-xSi'xCu04+^  and  YBa2Cu307_,5.  Zn  (3d'*)  is  a  unique 
dopant  in  that  it  has  almost  the  same  ionic  radius  as  Cu  (3d*) 
(rcu2+=0.73  A  and  rm-OJS  A)  and  the  same  ionic  valence 
(+2).  With  a  filled  d'*  shell,  however,  Zn  is  nonmagnetic. 
Therefore,  it  would  be  expected  that  Zn  substitution  at  Cu 
site  removes  a  spin  from  the  2D  antiferromagnetic  lattice 
with  little  effect  on  the  semiconducting  properties  of  the  ma¬ 
terial  except  a  disruption  of  the  Cu-0  hybridization  in  con¬ 
ductive  samples.  However,  our  results  appear  to  indicate  that 
Zn  doping  not  only  suppresses  Tjy  but  also  dramatically 
changes  the  dielectric  properties  of  the  system,  and,  thus, 
suggests  a  possible  correlation  between  magnetic  and  dielec¬ 
tric  properties. 

The  magnetization  was  measured  using  a  Quantum  De¬ 
sign  magnetometer  (SQUID).  Measurements  of  the  imped¬ 
ance  with  E  field  parallel  to  the  c  axis  were  made  at  tem¬ 
peratures  between  100  and  400  K  with  frequency  varying 
from  10  kHz  to  1  MHz  using  an  HP  model  4284A  precision 
LCR  meter.  To  make  electrical  contacts  the  two  surfaces  nor¬ 
mal  to  the  field  direction  were  covered  with  silver  paint.  As 
discussed  in  Ref.  11,  at  low  frequencies,  contact  effects, 
which  is  negligible  at  low  temperatures,  becomes  significant 
at  higher  temperatures  due  to  the  decreasing  resistances  of 
the  sample  and  contact.  To  ensure  the  true  dielectric  constant, 
we  restricted  our  measurements  to  the  frequency  range  where 
the  dissipation  factor  was  below  6. 

Figure  1  shows  )^T)  (defined  as  MIH)  as  a  function  of 
temperature  T  for  La2Cuj_;tZn;t04+a  with  a:=0,  and  0.07. 
The  data  were  obtained  under  a  magnetic  field  Hot  0.5  T 
parallel  to  the  c  axis.  The  Neel  temperature  Tjy  decreases  as 
Zn  is  doped.  This  is  expected  in  that  Zn  doping  eliminates 
spins  from  the  2D  lattice,  thus  reducing  ^2d>  l^e  2D  spin- 
spin  correlation  length  and  consequently  suppressing  mag¬ 
netic  ordering.  It  is  worth  noting  that  for  the  doped 
sample  with  Af'«0.07  is  at  r=200  K,  and  much  higher  than 
those  (r77<150  K  even  for  x=0.04)  on  polycrystalline 
samples  reported  previously, some  investigators  even 
claimed  that  5.5%  Zn  would  drive  to  zero.'^  Apparently, 
the  depression  of  by  Zn  observed  in  this  work  is  much 
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FIG.  1.  Magnetic  susceptibility  x  (defined  as  M/H)  vs  temperature  for.r=0 
(top)  and  x'^0.07  (bottom)  at  i/j=0.5  T. 


slower.  In  fact,  our  data  are  supported  by  results  of  muon- 
spin-rotation  measurements  (/iSR),*^  which  clearly  show 
that  AF  long-range  order  exists  up  to  significantly  larger 
value  of  a;(‘^0.11),  and  T//  for  7%  Zn  is  of  180  K.  The  value 
of  presented  here  is  also  consistent  with  results  published 
earlier  by  other  investigators,  where  Neel  temperatures  of 
several  Zn-doped  La2Cu04  samples  up  to  8%  Zn  concentra¬ 
tion  was  reported. The  discrepancy  for  the  value  of  Tf,  is 
likely  due  to  quality  of  samples.  In  addition,  it  is  remarkable 
that  the  peak  for  the  7%  doped  sample  remains  as  sharp  as 
the  undoped  one.  This  is,  again,  in  variance  from  results  on 
polycrystalline  samples  reported  earlier  where  the  width  of 
the  peak  in  the  x(T)  increases  upon  Zn  doping  and,  thus,  the 
peak  becomes  less  well  defined.*^’*'*  It  is  believed  that  within 
the  mean-field  theory  the  sharpness  of  the  peak  is  the  total 
3D  susceptibility  is  entirely  controlled  by  the  rapid  variation 
with  T  of  Xio^'~^'s:Jkb^  at  low  temperatures),  the  staggered 
susceptibility  of  the  CXi02  planes.  TTie  variation  of  ;^2d 
depends  on  the  rapid  or  slow  variation  of  ^2d  with  T.  The 
broadened  peak  observed  in  those  measurements  was  accord¬ 
ingly  attributed  to  the  rapid  reduction  of  the  correlation 
length  |2D-*^  "Tho  sharp  peak  for  the  doped  sample  displayed 
in  the  Fig.  1  suggests  that  the  effect  of  the  peak  broadening  is 
not  intrinsic  and  validity  of  this  view  point  is  thus  in  ques¬ 
tion. 

In  Fig.  2  the  magnetization  Af  as  a  function  of  the  mag¬ 
netic  field  H  parallel  to  the  c  axis  was  measured  for  the  same 
Zn-doped  sample  at  temperatures  below  and  near  the  Neel 
temperature  K.  F-jr  T<Tff,  a  sharp  metamagnetic 

transition  with  and  3  T  is  seen  at  r=  120  and  160  K, 

respectively,  whereas  a  nearly  straight  line  at  1=195  K,  as 
expected,  is  found.  The  behavior  seen  here  is  obviously  simi- 


FIG.  2.  Magnetization  M  \sH  for  a;“0,07  at  r=120, 160,  and  195  K. 

lar  to  that  found  in  the  parent  compound  La2C'i04+5  reported 
earlier  except  for  HdT)  is  corresponding  to  lower  tempera¬ 
tures,  suggesting  little  impact  of  Zn  doping  on  the  metamag¬ 
netism.  This  metamagnetic  response  can  be  well  described 
by  a  Dzyaloshinskii-Moriya  (DM)  antisymmetric  term.'’ 
TTiis  term  is  allowed  by  certain  broken  crystal  symmetries 
due  to  the  slight  rotation  of  the  CuOg  octahedra  around  the 
Cu  sites,  and  can  produce  a  canting  of  the  spins  away  from 
the  plane  of  staggered  magnetization,  thus  a  ferromagnetic 
moment  pointing  in  the  direction  perpendicular  to  planes  ap¬ 
pear.  For  r<7'/^r  and  H<Hc  the  canting  alternates  its  direc¬ 
tion  between  planes.  A\  H=Hc,  the  canting  in  all  planes 
abruptly  aligns  with  the  finite  external  field  which  is  the 
cause  of  the  jump  in  Fig.  2.  In  earlier  reported  data,'^’''*  th*' 
magnetization  was  largely  broadened  and  less  well  defined 
due  to,  at  least,  partially  unoriented  polycrystalline  samples. 

It  becomes  apparent  that  Zn  doping  has  much  weaker 
effect  on  both  the  depression  of  the  Neel  temperature  and 
metamagnetic  behavior  than  Sr  doping,  which  introduces 
mobile  holes.  Our  data  on  Sr-doped  single  crystals  of 
La2Cu04+,5  (not  shown)  confirms  that  roughly  2%  Sr  doping 
drives  Tff  to  zero,  which  is  in  agreement  with  results  already 
published.  It  has  been  thought  that  this  difference  is  prima¬ 
rily  a  consequence  of  the  different  locations  of  the  two  types 
of  vacancies.  Zn  doping,  as  stated  above,  removes  the  spin 
on  the  Cu  site,  thus  reducing  ^2d>  but,  even  for  x  as  high  as 
0.07,  does  not  suppress  as  dramatically  as  some  other 
dopants.  It  resembles  the  situation  of  magnetic  dilution,  in 
contrast,  Sr  doping  introduces  the  excess  hole  which  resides 
on  the  oxygen  site.  The  mobile  hole  couples  with  neighbor¬ 
ing  Cu  spins  effectively  removing  these  spins  from  the  sys¬ 
tem  or  frustrates  the  local  AF  order.  It  has  been  found  that 
the  hole  introduced  by  Sr  is  only  weakly  localized  before  the 
insulator-metal  transition  (x~0.05),®  whereas  the  Zn  non¬ 
magnetic  site  is  completely  localized.  Thus  the  finite  mobil¬ 
ity  of  the  hole  associated  with  Sr  effectively  or  globally  sup¬ 
presses  magnetic  ordering,  whereas  the  Zn  doping  inhibits 
magnetic  ordering  only  by  locally  diluting  the  spin  lattice. 

Figure  3  shows  the  temperature  dependence  of  the  rela¬ 
tive  dielectric  constant  in  the  c  axis,  K^,  of  La2Cu04+5  for 
three  measurement  frequencies.  Note  that  values  ~15()0  at 
room  temperature  are  obtained,  again  showing  the  large  elec- 
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FIG.  3.  Dielectric  constant  in  the  c-axis  direction,  vs  temperature  for 
jc=0  at  three  measurement  frequencies. 


trie  polarizability  of  the  insulating  parent  oxide  phase.  One 
notable  difference  for  La2Cu04  compared  to  YBa2Cu307_^ 
and  PrBa2Cu307_,5i  however,  is  the  substantially  smaller  fre¬ 
quency  dependence  of  the  former’s  high  dielectric  constant 
in  the  vicinity  of  300  K. 

The  major  feature  of  the  dielectric  response  is  the  large 
enhancement  in  occurring  near  270  K,  Neel  temperature 
Tfi .  We  thus  infer  that  the  transition  state  for  magnetic  or¬ 
dering  is  accompanied  by  a  large  additional  electrical  polar¬ 
izability.  No  evidence  of  a  shift  in  the  temperature  of  the 
peak  in  Kc  (i.e.,  thermal  activation)  with  frequency  can  be 
discerned. 

Shown  in  Fig.  4  is  the  relative  dielectric  constant  Kc  of 
LazCui  _;tZn^04+^  {a:=0.07)  as  a  function  of  temperature  for 
the  six  measurement  frequencies.  The  values  i'L(.~5000  ob- 
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FIG.  4.  Dielectric  constant  in  the  c-axis  direction,  Kc  vs  temperature  for 
a:*>0.07  at  five  measurement  frequencies.  Inset:  the  peak  temperature 
vs  frequency  for  x»»0.07. 


tained  in  the  temperature  range  190=s7’^250  K  is  larger 
than  those  (~1500)  at  room  temperature  for  the  parent  com¬ 
pound.  Additionally,  unlike  La2Cu04,  the  peak  of  the  en¬ 
hancement  becomes  not  only  largely  broadened  but  also 
strongly  frequency  dependent  in  the  temperature  range 
160^r^300  K.  The  behavior  found  here  may  suggest  the 
possible  thermal  activation  in  the  system  which  is  not  evi¬ 
dent  in  the  parent  compound.  However,  there  is  a  striking 
common  feature  of  the  dielectric  response  for  both  undoped 
and  doped  samples,  i.e.,  the  large  enhancement  in  Kc  tends 
to  occur  near  the  Neel  temperature  Tn .  Yet,  the  peak  of  the 
enhancement  for  the  doped  sample  is  frequency  dependent, 
but  the  peak  appears  to  occur  around  T  =  200  K,  where  the 
Neel  temperature  is  as  the  static  limit  is  approached.  In¬ 
deed,  this  point  becomes  more  perceived  in  inset  of  Fig.  4,  a 
plot  of  peak  temperature,  a  function  of  frequency, 

where  extrapolation  to  0  Hz  gives  K. 

The  unusual  phenomena  we  have  observed  in  this  study 
seem  to  imply  a  correlation  between  the  antiferromagnetic 
ordering  and  the  electrical  polarizability  in  the  oxides.  How¬ 
ever,  no  quantitative  model  for  the  strong  microscopic  mag¬ 
netoelectric  coupling  indicated  by  these  data  have  been  pub¬ 
lished.  Structural  instability  models  of  (anti)ferroelectricity 
driven  by  0  atom  displacements  or  rotations  would  lead 
to  behavior  similar  to  that  observed.  Although  (anti)ferro- 
electric  antiferromagnets  are  known  to  exist,  the  authors 
are  unaware  of  a  case  of  simultaneous  polarization  and 
magnetic  ordering. 
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Neutron  diffraction  techniques  have  been  used  to  investigate  the  magnetic  ordering  of  the  Tb  ions 
in  polycrystalline  Pb2Sr2TbCu308.  Significant  magnetic  correlations  are  found  to  develop  below 
~10  K,  and  these  correlations  are  two  dimensional  in  nature,  representative  of  the  strongly 
anisotropic  magnetic  interactions  in  these  layered  materials.  The  correlation  length  increases  with 
decreasing  temperature,  and  long-range  order  is  observed  to  develop  at  Tfj^S.S  K.  However,  the 
sawtooth  Bragg  profile  for  the  scattering  demonstrates  that  the  long-range  order  is  two  dimensional, 
rather  than  three  dimensional,  with  a  spin  configuration  where  nearest-neighbor  spins  are 
antiparallel.  The  scattering  profile  can  be  explained  quantitatively  by  assuming  long-range  order 
within  the  ab  plane,  with  no  significant  conelations  along  the  c  axis  to  the  lowest  temperatures 
measured  (1.36  K).  Our  results  suggest  that  the  system  is  well  described  by  a  two-dimensional  Ising 
model.  The  only  other  (pure)  system  where  a  crossover  to  three-dimensional  behavior  is  not 
observed  is  DyBa2Cu408. 


One  of  the  most  remarkable  properties  of  the  Cu  and 
rare-earth  elements)  magnetism  of  the  high 
oxides  is  that  they  are  two  dimensional  (2D)  in  nature.  The 
2D  behavior  of  the  Cu  magnetism  originates  from  the  strong 
Cu-0  bonding  within  the  layers,  which  yields  highly  aniso¬ 
tropic  exchange  interactions  between  the  Cu  ions.  On  the 
other  hand,  the  atoms  form  an  orthorhombic  sublattice 
where  the  nearest-neighbor  distance  along  the  c  axis  is  much 
greater  than  that  within  the  ab  plane,  which  again  leads  to 
highly  anisotropic  magnetic  interactions  between  the 
ions  and  generates  the  2D  magnetism.  Such  2D  behavior  of 
the  ions  has  been  observed  in  the  J?^Ba2Cu307‘’^ 
(.^^237),  .^gBa2Cu408^  (.^^^248),  and  .^ar2Ba4Cu70,s'' 
(.^^,4715)  systems.  Among  them,  a  rod  of  scattering  char- 
acterisi  )f  2D  behavior  has  been  observed^  in  single  ciys- 
tals  of  Erl237  and  Dyl237,  and  their  order  parameters  are 
found  to  obey  the  Onsager^  solution  for  the  5=j,  2D  Ising 
antiferromagnet.  Moreover,  for  the  Dy  ions  in  the  Dyl248  a 
geometric  cancellation  of  the  already  weak  interactions  oc¬ 
curs  along  the  c  axis,  which  renders  the  system  two- 
dimensionally  ordered  even  at  temperatures  well  below  the 
Neel  temperature.^ 

In  this  article  we  report  another  system  which  exhibits 
2D  magnetic  order,  as  observed  by  neutron  diffraction  ex¬ 
periments.  In  this  material  we  observe  significant  2D  mag¬ 
netic  conelations  of  the  Tb  spins  in  the  Pb2Sr2TbCu308 
(Tb22138)  compound  below  7’~10  K.  Long-range  order  is 
observed  to  develop  at  K,  but  even  at  7’=  1.36  K 

the  magnetic  correlations  are  still  mainly  two  dimensional, 
with  nearest-neighbor  spins  within  the  ab  plane  being 
aligns  j  antiparallel. 

The  .5?^22138  systems  are  even  more  anisotropic  in 
their  physical  properties  than  those  of  the  .^^237  system,*’’ 
as  there  are  more  intervening  layers  of  atoms  stacked  along 
the  c  axis.  The  rare-earth  atoms  in  the  .^^2138  system 
form  an  orthorhombic  unit  cell  where  the  distance  between 


the  nearest  neighbors  along  the  c  axis  is  more  than  four  times 
that  in  the  ab  plane.  It  is  clear  that  the  crystallographic  an¬ 
isotropy  naturally  leads  to  highly  anisotropic  magnetic  inter¬ 
actions.  The  rare-earth  unit  cell  is  related  to  the  nuclear  unit 
cell  of  the  compound  by  rotation  of  the  a  and  b  axes  of  the 
nuclear  unit  cell  by  ~45°  and  reducing  their  lengths  by  fZ. 
We  employ  the  notation  of  (abc)  and  (a'h'c')  to  represent 
the  axes  of  the  nuclear  and  rare-earth  unit  cells,  respectively. 
We  note  that  by  using  this  system  of  notation,  the  ab  plane 
and  a'h'  plane  are  essentially  the  same  planes. 

Powder  samples  of  Pb2Sr2TbCu308  were  prepared  by  the 
standard  solid-state  reaction  techniques,  and  the  details  of  the 
sample  preparation  technique  can  be  found  elsewhere.®  Both 
x-ray  and  neutron  diffraction  were  used  to  characterize  the 
sample.  The  x-ray  diffraction  pattern  is  well  described  by  the 
orthorhombic  Y22138  structure,*  which  is  only  slightly  de¬ 
viated  from  tetragonal  symmetry,  with  room-temperature  lat¬ 
tice  parameters  a  =  5. 452(7)  A,  h=5. 459(9)  A,  and 
c=  15.66(2)  A  for  the  chemical  unit  cell  of  the  compound. 
The  nearest-neighbor  distances  of  the  Tb  ions  are,  therefore, 
=  3.856  A  within  the  a'b'  plane  and  c'  =  15.66  A 
along  the  c '  axis,  respectively. 

Neutron  diffraction  measurements  were  performed  at  the 
Research  Reactor  at  the  U.S.  National  Institute  of  Standards 
and  Technology.  The  data  were  collected  using  the  BT-9 
triple-axis  spectrometer  which  was  operated  in  double-axis 
mode.  A  pyrolytic  graphite  PG(002)  crystal  was  used  as  the 
monochromator  to  extract  neutrons  of  energy  14.8  meV  (X 
=2.351  A).  A  PG  filter  was  also  placed  after  the  monochro¬ 
mator  position  to  suppress  higher-order  wavelength  contami¬ 
nations.  The  angular  collimations  used  were  40'  before  the 
monochromator,  and  48'-48'  before  and  after  the  sample, 
respectively.  The  sample  was  mounted  in  a  cylindrical  alu¬ 
minum  can  filled  with  helium  exchange  gas  to  facilitate  ther¬ 
mal  conduction  at  low  temperatures.  A  pumped  ‘*He  cryostat 
was  used  to  cool  the  sample,  and  the  lowest  temperature 
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FIG.  1.  Magnetic  intensities  observed  in  Pb2Sr2TbCu308  at  T=l.'36  K, 
which  is  well  below  the  ordering  temperature.  The  pronounced  asymmetry 
of  the  observed  peak  is  a  classic  prohle  of  the  two-dimensionally  ordered 
system.  The  magnetic  peaks  may  be  indexed  as  the  (jj)  tod  of  scattering 
based  on  the  Tb  unit  celt.  Small  '3D-like  Bragg  peaks,  with  positions  that 
may  be  indexed  as  the  {jjl}.  {552},  and  {j  jS}  reflections,  are  also  revealed. 
The  solid  line  is  a  fit  to  the  2D  theoretical  profile. 


obtained  was  1.36  K.  For  each  temperature  change,  sufficient 
time  was  given  to  allow  the  sample  to  reach  thermal  equilib¬ 
rium. 

Three  powder  diffraction  sets  of  data  were  collected  over 
the  range  of  scattering  angles  from  2^=5°  to  65°:  One  at  a 
temperature  well  below,  one  just  above,  and  the  other  well 
above  the  Neel  temperature.  The  subtraction  technique’  was 
used  to  isolate  the  magnetic  signal  from  the  nuclear  one, 
where  the  diffraction  pattern  taken  at  a  temperature  well 
above  the  ordering  temperature  was  subtracted  from  the  one 
taken  at  low  temperature. 

The  magnetic  diffraction  pattern  obtained  at  7’=  1.36  K 
is  shown  in  Fig.  1,  where  the  diffraction  pattern  taken  at 
"’^=20  K  serves  as  the  nonmagnetic  “background”  has  been 
subtracted  from  the  data.  The  sawtooth  Bragg  profile  of  the 
observed  peak  is  a  classic  profile  of  a  two-dimensionally 
ordered  system.^’’®  The  scattering  pattern  is  dominated  by  a 
single  2D-like  peak,  even  though  we  were  well  below  the 
Neel  temperature  (r;y«=5.5  K,  see  below).  The  solid  curve  in 
the  figure  is  a  least-squares  fit  to  the  theoretical  2D  scattering 
profile  convoluted  with  the  Gaussian  instrumental  resolution 
function,  assuming  long-range  order  within  the  a '6'  plane 
and  no  correlations  along  the  c'-axis  direction.  Based  on  the 
Tb  unit  cell,  the  observed  asymmetrical  peak  corresponds  to 
the  (5  ^  rod  of  scattering.  This  is  the  same  type  of  scattering 
that  has  been  observed^  in  Dyl248.  The  magnetic  correla¬ 
tions  along  the  c'  v..is  direction  are  much  weaker  than  those 
within  the  a'b'  plane.  However,  the  observed  intensities 
shown  in  Fig.  1  also  suggest  some  3D  ordering  character, 
where  small  3D  peaks  at  20=26.23°,  30.09°,  and  36.23°, 
which  would  correspond  to  the  {5  5I},  {j  j2},  and  {j  |3}  Bragg 
reflections,  respectively,  are  evident.  This  may  indicate  that  a 
small  fraction  of  the  samples  is  ordered  three  dimensionally 
,  low  temperatures. 

The  presence  of  the  (5  2)  rod  of  scattering  demonstrates 
that  the  2D  magnetic  unit  cell  of  the  Tb  ions  is  doubled  in 
size  compared  to  the  nuclear  one  along  both  the  a'  and  b' 
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FIG.  2.  The  2D  spin  configurations  of  the  Tb  ions  within  the  a'b'  plane. 
The  nearest-neighbor  spins  are  aligned  antiparailci,  and  the  plus  and  minus 
signs  then  represent  spins  that  are  in  opposite  directions,  o'  and  b'  indicate 
the  axes  of  the  Tb  unit  cell,  and  0  and  b  indicate  the  axes  of  the  nuclear  unit 
cell  of  the  compound. 


axes.  The  nearest-neighbor  spins  of  the  Tb  ions  are  therefore 
aligned  antiparallel.  The  2D  spin  configuration  for  the  Tb 
moments  in  the  n't'  plane  is  shown  in  Fig.  2,  where  the  a 
and  b  axes  of  the  nuclear  unit  cell  of  the  compound  are  also 
indicated.  In  addition,  the  weak  (j  j  /)  type  of  reflections, 
with  /= integer,  revealed  in  Fig.  1  indicate  that  the  Tb  spins 
have  the  tendency  to  align  parallel  along  the  c'  axis.  These 
data  suggest  that  3D  order  may  set  in  at  lower  temperatures. 
Further  work  at  lower  temperatures  is  planned  to  clarify  this 
point. 

The  low-temperature  ordered  moment  was  obtained  by 
comparing  the  magnetic  to  nuclear  intensities.  For  the  case 
of  2D  magnetic  ordering,  we  need  to  integrate  the  magnetic 
scattering  over  the  angular  range  corresponding  to  the  first 
Brillouin  zone.  Comparing  the  magnetic  intensity  with  the 
{001}  nuclear  intensity  establishes  that  the  saturated  moment 
for  each  Tb  ion  is  {nz)  =  1A3±0.Q2  fig,  assuming  the  spin 
direction  is  along  the  c'-axis  direction.  This  choice  of  the 
c'-axis  direction  is  consistent  with  the  moment  direction 
usually  found  in  these  materials. 

The  temperature  dependence  of  the  intensity  at  the  2D 
(22)  peak  position  is  shown  in  Fig.  3.  The  magnetic  Bragg 
intensity  is  proportional  to  the  square  of  the  ordered  moment, 
which  is  the  order  parameter  of  the  phase  trai  .  lion.  Assum¬ 
ing  that  the  magnetic  peak  profile  remains  the  same  for  the 
temperature  range  studied,  a  measurement  of  the  temperature 
dependence  of  the  peak  intensity  then  measures  the  square  of 
the  order  parameter.  The  sharp  drop  in  intensity  shown  in 
Fig.  3  is  typical  for  a  2D  magnetic  phase  transition,  while  the 
rounding  in  the  vicinity  of  the  ordering  temperature  is  typical 
for  the  (critical)  scattering  observed  in  a  powder.  The  Neel 
temperature  is  estimated  to  be  Tf/‘^5.5  K. 

Above  the  ordering  temperature  magnetic  scattering  was 
also  observed,  and  the  shape  of  this  scattering  also  demon¬ 
strates  the  2D  magnetic  character  of  the  system.  Figure  4 
shows  the  (f  2)  rod  of  scattering  observed  at  7=  6  K,  which  is 
just  above  the  ordering  temperature.  The  intensity  on  the 
lower  angle  side  of  the  peak  does  not  show  as  shaip  an 
increase  because  of  the  finite  correlation  range  above  the 
ordering  temperature.  The  solid  curve  is  a  fit  to  the  theoreti- 
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FIG.  3.  Temperature  dependence  of  the  peak  intensity,  showing  the 
variation  of  the  square  of  the  staggered  magnetization  with  temperature.  The 
sharp  drop  in  intensity  is  typical  for  a  2D  order  parameter.  The  ordering 
temperature  is  determined  to  be  Tu’^S.S  K.  The  solid  curve  is  a  guide  to  the 
eye  only. 


cal  2D  profile,  assuming  a  finite  correlation  length  within  the 
a'b'  plane  and  no  correlations  along  the  c'-axis  direction. 
The  2D  Bragg  rod  gives  an  excellent  fit  to  the  observed  data. 
We,  hence,  conclude  that  there  are  strong  magnetic  correla¬ 
tions  within  the  a'b'  plane  while  those  along  the  c'-axis 
direction  are  weak,  and  the  fundamental  energetics  is  2D  in 
nature.  The  intrinsic  linewidth  of  this  peak  is  related  to  the 
inverse  2D  correlation  length,  and  the  conelation  length  that 
we  obtained  from  the  fit  at  r=  6  K  is  |=550  A.  Further  work 
is  in  progress  on  the  temperature  dependence  of  the  2D  mag¬ 
netic  correlation  length  in  this  system. 

The  research  at  the  NCU  was  supported  by  the  National 
Science  Council  of  the  Republic  of  China  under  Grant  No. 
NSC  82-0212-M-(X)8-073,  and  was  partially  supported  by 


FIG.  4.  The  (jj)  rod  of  scattering  observed  at  T=6  K,  which  is  just  above 
the  ordering  temperature.  The  observation  of  this  scattering  directly  demon¬ 
strates  the  2D  energetics  of  the  system.  The  solid  line  is  a  fit  to  the  2D 
theoretical  profile  with  a  correlation  length  of  f=550  A  within  the  a’b' 
plane  and  no  correlations  along  the  c'-axis  direction. 
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J.  W.  Cable 

Oak  Ridge  National  Laboratory,  P.  O.  . Box  2008,  Oak  Ridge,  Tennessee  37831-6393 

N.  Wakabayashi 

Keio  University,  Yokohama  223,  Japan 

P.  Radhakrishna 

Jawaharal  Nehru  Centre  for  Advanced  Scientific  Research,  Bangalore  560012,  India 

The  intermetallic  compound  Mn3Sn  has  the  hexagonal  DO19  crystal  structure  with  six  Mn  and  two 
Sn  atoms  per  unit  cell.  The  triangular  antiferromagnetic  order  that  develops  below  7’;v=420  K 
becomes  modulated  below  270  K  in  what  is  generally  described  as  a  helical  modulation.  However, 
magnetic  excitation  spectra  show  the  presence  of  an  energy  gap  of  about  4  meV  for  both  the 
triangular  and  the  modulated  phases,  and  this  can  occur  for  a  helical  modulation  only  if  the  period 
is  commensurate  with  the  lattice.  This  prompted  us  to  re-examine  the  structure  of  the  modulated 
phase  by  neutron  diffraction.  We  find  two  distinct  moment  modulations,  both  propagating  along  the 
c  axis  and  both  of  which  are  commensurate  below  120  K  with  periods  of  IIcq  and  14co.  Above  120 

K,  both  modulation  wave  vectors  increase  with  temperature  and  become  incommensurate.  The 
satellite  reflections  exhibit  quite  different  intensities  and  temperature  dependencies,  and  this 
suggests  coexistent  modulated  phases.  For  the  predominant  IIcq  (22  layer)  phase,  we  observe  a 
third  harmonic  with  about  20%  of  the  amplitude  of  the  first  harmonic  and  with  no  fifth  harmonic  to 
1%  in  amplitude.  This  shows  that  the  modulation  in  MnaSn  is  definitely  not  that  of  a  uniform  helix. 
The  observed  intensity  distributions  are  compared  with  configurational  models  in  which  multilayer 
blocks  of  the  triangular  order  align  along  the  easy  sixfold  axes  in  the  basal  plane  and  rotate  by  60“ 
per  block  in  proceeding  along  the  c  axis. 
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RCu2  compounds  (/?=rare.earth^.,wfith  orthorhombic  crystal  structures  exhibit  a  rich  variety  of 
magnetic  structures  at  low  temperatures,  originating  from  a  subtle  interplay  between  RKKY-type 
exchange  crystal  field  anisotropy,  ^ough  most  of  the  magnetic  properties  of  NdCu2  are  well 
understood,*  there  are  controversial  proposals  for  the  magnetic  phases,,  as  deduced  from  different 
experiments.*’^  TTierefore  we  have  investigated  the  magnetic  structure  of  NdCu2  by  neutron 
diffiaction  as  a  function  of  temperature  between  1.4  and  8  K  in  the  zero  external  field.  The 
diffraction  patterns  of  a  powdered  sample  were  obtaked  on  the  multidetector  DNS  at  the  SILOE 
reactor  of  CEN-G.  Only  two  different  magnetic  phases  were  observed,  in  agreement  with  Ref.  1.  For 
temperatures  between  5.2  K  and  Ti;=6.5  K,  the  magn  -tic  structure  can  be  described  by  a  sinusoidal 
oscillating  cornponent  along  b  with,  wave  vector  T2=(0.62,  0.042,  0).  Accordingly,  the  structure  is 
incommensurate  with  the  lattice.  Below.  4.0  K  the  structure  remains  an  oscillating  component  along 
b.  However,  the  wave  vector  becomes  commensurate  with  the  lattice  and  is  given  by  Ti=(0.60,  0, 
0).  Additionally,  a  progressive  squaring  up  from  the  appearance  of  the  third  harmonic  Srin  the  range 
from  4.0  K  down  to  1.4  K  is  observed.  At  1.4  K  the  amplitudes  of  the  fundamental  and  the  third 
harmonic  are  lAfig  and  0.9fig,  respectively.  Around  4.4  K,  the  spectra  seem  to  be  determined  by 
a  superposition  of  the  high-  and  low-temperature  phases.  The  low-temperature  structure  of  NdCu2 
is  comparable  with  that  for  TmCu2,  observed  earlier  in  Ref.  3.  Though  in  that  work  a  different 
interpretation  was  chosen,  the  wave  vector  of  the  fundamental  oscillation  can  be  described  by 
(0.625,  0,  0),  while  the  amplitudes  for  the  fundamental  and  third  harmonic  are  given  by  S.Ofig  and 
2.6fig,  respectively. 
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Easy-axis  transition  in  SmMn2Ge2  (abstract) 

R.  B.  van  Dover,  Ei  M.  Gyorgy,  R.  J.  Cava,  J.  E.  Krajewski,  W.  F.  Peck,  Jr., 
and  R.  J.  Felder 

AT&T  Bell  Labs,  Murray  Hill,  New  Jers^  0797.4 

SmMn2Ge2  is  a  layered  ferromagnet  with  unusual  magnetic  and  electrical  properties.  In  some 
regards  it  is  a  natural  analog  to  artifically  layered  thin  film  materials,  and  its  study  can  provide 
valuable  insights.  SmMn2Ge2  is  ferromagnetic  from  0  to  90  K,  with  easy  axes  parallel  to  the  (110) 
directions  (FMl  state).  Between  90  and  150  K  it  is  antiferromagnetic,  and  from  150  K  to  (340 
K)  it  is  again  ferroma^efic,  with  an  easy  axis  parallel  to  the  (001)  direction  (FM2  state).  We  have 
used  a  continuous  recording  torque  magnetometer  to  monitor  the  energy  surface  of  S’nMn2Ge2  as 
a  function  of  temperature.  We  have  found  that  the  moments  are  parallel  to  (110)  in  the  AFM  state, 
and  that  the  anisotropy  constant  varies  continuously,  i.e.,  that  K-*0  at  the  easy-axis  transition,  which 
is  found  to  be  at  essentially  the  same  temperature  as  the  zero-field  AFM/FM2  transition.  The 
FMl/AFM  arid  AFM/FM2  transition  temperatures  can  be  varied  over  a  wide  range  by  substitution 
on  the  various  sites.  Substitution  of  Y  or  Gd  on  the  Sm  site.inaeases  rAFM/pMz  strongly,  and  is  found 
to  increase  the  temperature  of  the  easy  axis  transition,  but  not  by  precisely  the  same  factor. 
Substitution  of  a  small  amount  of  Cr  on  the  Mn  site  decreases  but  appears  to  have  no  effect 

on  the  easy-axis  transition.  M-H  curves  and  M-T  curves  taken  in  a  vibrating  sample  magnetometer 
and  in  a  SQUID  magnetometer  provide  corroborating  evidence  for  these  conclusions. 


Neutron  diffraction  study  of  the  magnetic  ordering  of  BaCu02+x  (abstract) 

Xun-Li  Wang  and  J.  A.  Fernandez-Baca 

Oak  Ridge  Natiottcl  Laboratory,  Oak  Ridge,  Tennessee  37831 

Z.  R.  Wang,  D.  Vaknin,  and  D.  C.  Johnston 

Department  of  Physics  and  Ames  Laboratory,  Iowa  State  University,  Ames,  Iowa  50011 

Neutron  diffraction  experiments  have  been  performed  in  order  to  study  the  magnetic  ordering  of 
BaCu02+^.  In  these  measurements  unpolarized  neutrons  and  polarized  neutrons  with  full 
polarization  analysis  have  been  utilized.  From  these  measurements  it  has  been  determined  that 
BaCu02+;t  orders  antiferromagnetically  below  Tii=15.0±0.5  K  with  a  magnetic  propagating  vector 
K=[l  1 1],  This  stmcture  is  commonly  referred  to  as  a  [ir/r-r]  or  a  G  structure.  The  Cu  atoms  in  the 
Cuj  ring  clusters,  located  at  the  ( J,  i  j)  positions,  order  ferromagnetically  within  these  clusters  while 
the  clusters  themselves  order  antiferromagnetically.  The  ordered  magnetic  moment  of  each  of  these 
Cu  atoms  is  0.89±0.05  /ig  at  1=4.2  K.  No  evidence  of  long-range  magnetic  ordering  of  the  Cu 
atoms  in  the  Cujg  clusters,  located  at  the  (0,  0,  0)  and  (),  j,  j)  positions,  was  found  down  to  a 
temperature  7=2.5  K.  The  work  at  Oak  Ridge  National  Laboratory  (ORNL)  was  sponsored  by  the 
Division  of  Materials  Sciences,  U.S.  Department  of  Energy  (DOE).  ORNL  is  managed  for  the  U.S. 

DOE  by  Martin  Marietta  Energy  Systems,  Inc.,  under  Contract  No.  DE-AC05-840R21400.  Ames 
Laboratory  is  operated  for  the  U.S.  DOE  under  Contract  No.  W-7405-Eng-82.  The  work  at  Ames 
was  supported  by  the  Director  for  Energy  Research,  Office  of  Basic  Energy  Sciences. 
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Granular  Films 
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Magnetic  properties  of  metaiiic  Co>  and  Fe-based  granuiar  aiioys 

Gang  Xiao  and  Jian-Qing  Wang 

Department  of  Physics,  Brown  University,  Providence,  Rhode  Island  02912 

We  have  studied  the  magnetic  properties  of  Co-Ag  and  Fe-Ag  granular  alloys  made  using 
vapor-quenching  techniques  and  thermal  annealing.  Magnetic  coercivity  (i/^)  and  remanence  can  be 
controlled  over  a  large  range  by  varying  annealing  temperature  and  particle  volume  fraction.  A  large 
He  on  the  order  of  2  kG  has  been  obtained  in  the  Co-Ag  system.  We  have  investigated  magnetic 
anisotropy,  the  effect  of  particle  Lize,  and  coalescence  in  these  nanostructured  materials. 


Magnetic  granular  solids  have  received  considerable  at¬ 
tention  in  the  past  few  years.*"*®  In  these  composite  materi¬ 
als,  ultrafine  magnetic  particles  of  a  few  nanometers  in  size 
are  embedded  in  a  metallic  or  insulating  matrix  by  certain 
synthesis  processes.  Because  of  their  microstructure  and  the 
tunability  in  materials  and  geometrical  parameters,  these  ma¬ 
terials  possess  different  and  sometimes  enhanced  properties 
when  compared  with  their  bulk  counterparts.  In  particular,  a 
giant  magnetic  coercivity  (//<.)  has  been  achieved  in  Fe-Si02 
granular  films,*  with  enhanced  by  as  much  as  three  orders 
of  magnitude  over  the  bulk  value.  The  large  and  magne¬ 
tization  of  the  material  make  it  suitable  for  application  in 
magnetic  recording.  It  has  also  been  discovered  that  metallic 
granular  alloys,  such  as  Co-Cu,  Co-Ag,  and  Fe-Ag,  exhibit 
giant  magnetoresistance  effects  (GMR),®"*®  with  a  magni¬ 
tude  rivaling  the  best  multilayers  with  GMR.  These  develop¬ 
ments  in  granular  solids  call  for  more  systematic  studies  of 
their  magnetic  properties.  The  understanding  of  the  novel 
GMR  effect  also  requires  the  exploration  of  the  underlying 
magnetic  state  which  strongly  correlates  with  the  behavior  of 
GMR.  In  this  work,  we  present  a  study  on  two  transition 
metal  granular  solids,  Co-Ag  and  Fe-Ag,  both  of  which  have 
been  shown  to  have  GMR  effect.*'*®  The  main  focus  here  is 
how  the  thermal  treatment  and  volume  fraction  of  the  mag¬ 
netic  particles  affect  the  magnetic  properties. 

We  have  fabricated  Co-Ag  and  Fe-Ag  granular  films  by 
taking  advantage  of  the  immiscibility  between  Co  (or  Fe) 
and  Ag  in  alloy  formation.  High  vacuum  sputtering  from  a 
cold-pressed  composite  target  yields  a  phase-separated  film 
with  magnetic  particles  precipitating  from  the  Ag  matrbe. 
The  particle  size  of  an  as-sputtered  sample  is  very  small,  on 
the  order  of  1-2  nm.  We  have  also  fabricated  samples  using 
codeposition  technique  and  obtained  similar  physical  proper¬ 
ties.  Thermal  annealing  is  an  effective  means  to  enlarge  the 
particle  size.  We  have  prepared  a  series  of  samples  with  dif¬ 
ferent  thermal  annealing  as  well  as  varying  volume  fraction. 
Phase  separation  has  been  confirmed  by  using  a  combination 
of  analysis,  i.e.,  transmission  electron  microscopy  (TEM), 
x-ray  diffraction,  and  magnetic  susceptibility  measurement. 
Detailed  results  will  be  presented  elsewhere.**  Analysis  of 
phase  separation  for  the  Co-Ag  system  can  also  be  found  in 
Ref.  12. 

We  used  a  superconducting  quantum  interference  device 
(SQUID)  magnetometer  to  measure  the  magnetic  hysteresis 
curve  of  our  samples.  Since  we  are  interested  in  the  ground 


state  properties,  most  of  our  measurements  were  carried  out 
at  low  temperatures.  The  saturated  magnetization  of  the  mag¬ 
netic  component  (Fe  or  Co)  is  approximately  equal  to  that  of 
the  bulk.  In  addition  to  magnetic  measurements,  we  have 
also  performed  magnetoresistance  and  Hall  effect  measure¬ 
ments.  Both  Fe-Ag  and  Co-Ag  show  GMR  effect  an.i  ex¬ 
traordinary  Hall  effect.*"*®  The  Hall  resistivity  can  be  de¬ 
scribed  by  p^y+R^M.  In  this  relation,  p®y  is  due  to  the 
ordinary  Hall  effect  and  is  linear  in  magnetic  field.  The  sec¬ 
ond  term,  due  to  the  extraordinary  Hall  effect,*^  results  from 
the  left-right  asymmetry  in  electron  scattering  in  magnetic 
systems.  Because  of  its  linear  relationship  with  M,  the  field 
dependence  of  p^^  after  removing  p^y  shows  a  one-to-one 
correspondence  with  the  magnetic  hysteresis  curve.  There¬ 
fore,  when  the  sample  plane  is  perpendicular  to  the  external 
magnetic  field,  we  can  consistently  obtain  remanent  magne¬ 
tization  and  coercivity  from  either  Hall  effect  or  magnetiza¬ 
tion  measurements.  It  is  noted  that  it  is  more  efficient  and 
economical  to  measure  the  Hall  effect  than  the  magnetization 
using  a  SQUID  magnetometer. 

Figure  1  shows  the  magnetization  curves  at  7’=5  K  for 
two  representative  as-prepared  samples,  Co2oAg8o  and 
Fe2oAg8o,  with  H  perpendicular  and  parallel  to  the  sample 
plane  (both  samples  are  specified  by  volume  fractions  of 
their  components).  The  initial  susceptibility  measurement  in¬ 
dicates  that  the  superparamagnetic  transition  temperature  is 
about  20-30  K.  Therefore,  at  5  K,  the  magnetic  moment 
vectors  of  the  particles  are  fixed  in  random  directions.  As 
shown  in  Fig.  1,  the  Co2oAg8o  sample  has  a  much  larger  He 
than  the  Fe2oAg8o  sample.  Most  interestingly,  the  easy  axis 
tends  to  be  out  of  plane  for  Co-Ag,  whereas  it  is  in  plane  for 
Fe-Ag. 

The  anisotropy  in  Co-Ag  is  most  likely  caused  by  the 
crystalline  and  shape  anisotropies  of  the  Co  particles.  The 
maximum  He  which  could  result  from  crystalline  or  strain 
anisotropy  is  about  2900  (fee)  or  600  G  respectively.  *'’  The 
large  perpendicular  //<.  value  of  about  2  kG  seen  in  Fig.  1 
can  be  accounted  for  by  magnetocrystalline  anisotropy.  The 
perpendicular  He  in  Co-Ag  is  larger  than  the  parallel  He .  To 
account  for  the  observed  perpendicular  He  in  Co-Ag,  it  is 
reasonable  to  conjecture  that  the  Co  particles  are  slightly 
enlongated  along  the  growth  direction.  Another  possible 
source  of  anisotropy  is  from  the  interface  between  the  mag¬ 
netic  particles  and  the  surrounding  Ag  matrix.  Because  of  the 
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FIG.  1.  Magnetic  hysteresis  curves  in  perpendicular  and  parallel  field 
configurations  for  Co^^Ag^  (upper  panel)  and  Fe2oAg8o  (lower  panel) 
at  r=5  K. 

small  size  of  the  particles,  interfacial  effect  could  play  an 
important  role.  Nevertheless,  without  the  proposed  growth 
texture,  it  is  difficult  to  imagine  how  the  interface  anisotropy 
could  cause  the  observed  perpendicular  anisotropy  under  the 
influence  of  the  large  demagnetization  field  of  the  thin  film. 

The  He  for  the  Fe-Ag  system  is  of  the  magnitude  of  300 
G.  While  it  is  considerably  larger  than  that  of  a  polycrystal¬ 
line  Fe  film  (a  few  tens  of  G),  it  is  much  below  the  limit  of 
crystalline  (540  G)  and  strain  (600  G)  anisotropy  for  single- 
domain  particles. The  shape  anisotropy  in  Fe  can  provide  a 
maximum  of  10.7  kG,*^  although  experimentally  such  a 
large  He  in  single-domain  Fe  particles  has  never  been  dis¬ 
covered.  In  Fe-Si02  granular  films,  a  maximum  He  value  of 
about  3  kG  has  been  observed,^  where  the  Fe  particle  size  is 
about  50  A.  We  have  obtained  the  particle  sizes  in  our 
FezoAggo  samples  using  both  TEM  and  analysis  of  superpara- 
magnetic  behavior."  The  FezoAggo  sample  used  for  Fig.  1 
has  an  average  particle  size  of  29  A.  Thermal  annealing  at 
300  °C  enlarges  the  particle  size  to  51  A,  but  the  He  was 
found  to  decrease  to  about  200  G.  The  comparison  between 
Fe-Ag  and  Fe-SiOz  granular  systems  shows  convincingly 
that  particle-matrix  interface  could  be  one  of  the  important 
factors  in  the  magnetic  anisotropy  of  Fe-based  systems. 

Among  the  magnetic  parameters  of  a  fenomagnetic 
solid,  the  ground  state  magnetization  is  basically  an  intrinsic 
parameter,  whereas  He  and  remanence  M,IM^  are  primarily 
extrinsic  parameters.  They  are  sensitive  to  disorder,  stress. 


Annealing  Temperature  (°C) 


FIG.  2.  Coercivity  He  vs  annealing  temperature  for  CojoAgjo  (upper 
panel)  and  FejoAgso  (lower  panel).  Also  shown  in  the  lower  panel  is  the 
remanence  for  FejoAgso.  T=5  K. 

and  particle  morphology.  Thermal  treatment  is  an  effective 
means  to  induce  phase  separation,  to  enlarge  particle  size, 
and  to  reduce  crystalline  disorder  and  stress  in  granular  ma¬ 
terials.  In  Fig.  2,  we  present  the  results  of  annealing  on  //<. 
for  CozoAggo  and  FezoAggo.  Also  included  in  Fig.  2  is  an 
annealing  temperature  (T^)  dependence  of  MflM,  for 
FezoAggo.  Thermal  annealing  was  done  in  high  vacuum 
(1X10"’  Torr)  at  a  chosen  for  15  min,  followed  by  natu¬ 
ral  cooling.  From  the  TEM  micrograph,  it  was  found  that  the 
Co  particle  size  increases  from  about  20  to  130  A  as 
reaches  605  'C.  X-ray  diffraction  revealed  that  the  Co  par¬ 
ticles  have  fee  structure  and  are  [111]  textured.® 

As  shown  in  Fig.  2,  He  for  CozoAggo  drops  by  a  large 
amount  once  exceeds  250  ®C.  This  variation  of  He  has 
been  verified  more  than  once.  Such  a  drop  in  He  is  desirable 
because  it  tends  to  reduce  the  saturation  field  and  hysteresis 
in  GMR  effect,  which  was  indeed  observed.®  There  are  a  few 
possible  causes  for  this  drop.  First  of  all,  it  is  not  due  to  the 
enlarged  particle  size  which  may  induce  multidomain  forma¬ 
tion  and  reduce  He  •  Within  our  range,  the  Co  particle  size 
is  ah/ays  below  the  critical  single-domain  particle  size.*'* 
Most  likely,  as  the  particle  size  grows,  the  original  growth 
texture  diminishes,  which  reduces  the  particle  shape  anisot¬ 
ropy.  Another  possible  cause  is  that  annealing  makes  phase 
separation  more  complete  and  tends  to  reduce  crystalline  dis¬ 
order  and  stress.  Both  effects  will  reduce  pinning  force  for 
magnetization,  and,  therefore,  lower  He  ■ 
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FIG.  3.  roercivily  //,  (upper  panel)  and  remanence  M,IM,  (lower  panel) 
for  Fe^Agioo-:,  alloys  as  functions  of  volume  fraction  x.  T-5  K. 


The  variation  of  He  with  for  Fe2oAg8o  resembles  the 
behavior  in  Co2oAg8o,  in  that  we  see  a  similar  drop  in  Hg 
near  250  °C.  However,  beyond  250  °C,  He  increases  as  Fe 
particles  become  larger.  The  remanence  has  a  similar  dip 
near  250  “C.  Particle  size  analysis  shows  that  the  Fe  particle 
size  steadily  increases  from  21  A  in  the  as-sputtered  sample 
to  71  A  at  the  maximum  of  400  ®C.  All  are  considered  as 
single-domain  particles. 

The  above  results  reveal  that  thermal  annealing  has  the 
universal  effect  of  increasing  particle  size,  however,  its  role 
on  He  is  not  straightforward,  but  is  material  dependent  in 
metallic  granular  solids.  At  present,  the  cause  for  these  di¬ 
verse  observations  is  not  clear.  However,  it  is  important  to 
remember  that  there  are  many  sources  at  play  for  He ,  almost 
all  are  affected  to  varying  degrees  by  thermal  annealing. 

Earlier  studies  have  shown  that  thermal  annealing  sub¬ 
stantially  enhances  He  of  various  Fe-^’**  and  Co-based^’"' 
granular  solids.  This  is  in  sharp  contrast  with  the  behaviors 
of  our  Fe-Ag  and  Co-Ag  systems,  where  moderate  annealing 
depresses  He .  The  difference  is  due  to  the  fact  that  the  ear¬ 
lier  studies  were  performed  at  room  temperature,  whereas 
ours  are  at  low  temperature.  At  T =300  K,  thermal  relaxation 
reduces  He  severely  for  moderately  annealed  samples  where 
the  magnetic  particles  are  small  in  size.  In  fact,  any  super- 
paramagnetic  sample  has  zero  hysteresis.  For  samples  an¬ 
nealed  at  high  temperatures,  and  therefore,  having  large  par¬ 
ticle  size,  thermal  agitation  is  less  important,  and  He  appears 
higher.  In  order  to  eliminate  the  effect  of  thermal  relaxation, 
measurements  need  to  be  done  at  low  temperatures. 

Next  we  turn  our  attention  to  the  effect  of  particle  vol¬ 
ume  fraction  (x)  on  magnetic  properties.  Here,  x  was  deter¬ 
mined  from  the  composition  and  the  bulk  density  of  each 
component.  Figure  3  shows  and  M^/Ms  as  functions  ofx 


for  the  Fe^Agioo-j:  as-sputtered  system.  In  the  low  x  region 
(x<0.2).  He  remains  relatively  constant.  Starting  at  x~0.2. 
He  gradually  decreases,  approaching  the  bulk  value  of  poly- 
crystalline  Fe.  MflMs,  on  the  other  hand,  increases 
smoothly  with  x  in  the  whole  x  range  studied.  The  evolution 
of  He  and  MrlM,  with  x  is  the  result  of  the  transition  from 
an  assembly  of  almost  independent  particles  to  a  iietwork  of 
connected  particles.  As  x  increases,  there  is  an  increasing 
coalescence  of  magnetic  particles.  In  fact,  above  the  perco¬ 
lation  threshold  ,  cluster  network  of  infinite  extension  is 
formed.  Beyond  this  limit,  the  granular  solid  becomes  in¬ 
creasingly  bulk-like,  and  bulk  polycrystalline  Fe  film  is  char¬ 
acterized  by  low  He  and  large  remanence. 

For  a  random  three-dimensional  system,  the  percolation 
threshold  x^  is  near  0.2.  In  our  granular  material.  He  starts  to 
decrease  at  almost  the  same  x.  We  have  also  measured  the 
GMR  effect  (Ap/p)  as  a  function  x.*“  Ap/p  exhibits  a  peak  at 
x=0.2,  coinciding  with  the  peak  of  He .  This  is  because  both 
GMR  and  He  are  sensitive  to  multidomain  or  cluster  forma¬ 
tion  in  a  granular  solid. 

In  summary,  ground  state  magnetic  properties  have  been 
measured  for  Co-Ag  and  Fe-Ag  granular  alloys  which  ex¬ 
hibit  GMR.  The  Co-Ag  films  have  a  perpendicular  magnetic 
anisotropy,  whereas  the  easy  axis  of  the  magnetization  of  the 
Fe-Ag  films  is  in-plane.  The  large  He  and  perpendicular  an¬ 
isotropy  in  Co-Ag  are  attributed  to  the  crystalline  anisotropy 
and  the  enlongation  of  Co  particles  in  the  growth  direction. 
Thermal  annealing  affects  He  profoundly  in  both  systems. 
This  cannot  be  explained  by  the  monotonical  increase  of 
magnetic  particle  size.  Other  mechanisms  such  as  phase 
separation,  effect  of  disorder,  and  evolution  of  particle  shape 
need  to  be  considered.  It  is  also  found  that  coalescence  of 
particles  reduces  He . 
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Coi_;tCU;t  composite  films  with  0^j:=s83  have  been  sputter  deposited  on  to  water-cooled  glass 
substrates.  Transmission  electron  microscopy  and  scanning  .tunneling  riiicroscopy  studies  reveal 
clusters  whose  average  size  is  250  A.  Magnetization  when  corrected  to  the  Co  volume  is 
independent  of  Cu  concentration  and  is  equal  to  that  of  bulk  Go.  The  in-plane  saturation  field  is 
about  200  Oe  at  j;=0,  starts  increasing  for  j:=40,  and  shows  a  peak  value  of  1.2  kOe  for  jc=60. 

Coercivity  shows  a  similar  behavior.  Out-of-plane  perpendicular  anisotropy  develops  with  the 
increase  in  Cu  concentration.  The  fenomagnetic  resonance  studies  show  that  (i)  the  linewidth 
increases  for  x>15  and  (ii)  perpendicular  anisotropy,  probably  induced  by  stress,  also  increases 
with  X.  Annealing  up  to  300  "C  does  not  produce  any  noticeable  changes  but  when  annealed  at 
400  °C  the  perpendicular  anisotropy  decreases  indicating  some  stress  relief. 


INTRODUCTION 

Granular  solids,  consisting  of  metallic  particles  embed¬ 
ded  in  a  matrix  of  another  metal  or  oxide  material  have  been 
studied  in  the  past  because  of  their  interesting  physical 
properties.*’^  Recently  great  interest  has  indeed  been  aroused 
in  such  materials  following  the  eliciting  work  by  Berkowitz 
et  al,^  and  Xiao  et  al.^  who  observed  large  magnetoresis¬ 
tance  (MR)  in  composite  films  of  Co-Cu  and  Co-Ag.  The 
origin  of  this  effect  is  far  from  being  well  understood.  Sev¬ 
eral  papers  which  are  basically  devoted  to  the  study  of  MR 
effects  are  appearing  on  these  materials.  Considerable  effort 
is  being  devoted  to  the  materials  research  of  these  kinds  of 
films  in  order  to  optimize  the  properties  for  applications  as 
sensors.  We  have  chosen  the  Co-Cu  system  for  this  study  and 
focused  our  attention  on  magnetic  properties  such  as  magne¬ 
tization  and  anisotropy  using  ferromagnetic  resonance 
(FMR)  techniques.  We  have  also  carried  out  some  structural 
studies  using  transmission  electron  microscopy  (TEM)  and 
scanning  tunneling  microscopy  (STM). 


EXPERIMENTAL  DETAILS 

The  Co-Cu  composite  (we  prefer  this  terminology  to  al¬ 
loy)  films  were  deposited  on  water-cooled  glass  substrates  by 
rf  sputtering  using  a  75-mm-diam  disk  of  Co  and  Cu  chips  as 
target.  Most  of  the  samples  were  prepared  under  standard 
conditions,  namely,  with  a  rf  power  of  80  W,  argon  pressure 
of  6  mTorr  and  a  film  thickness  of  1400±200  A,  moni¬ 
tored  by  quartz  oscillators.  Some  samples  were  prepared 
with  rf  power  of  80  and  100  W,  l^e  range  3-23X10“^ 
Torr,  and  film  thickness  ranging  from  300  to  2600  A. 

The  composition  of  the  samples  was  determined  by  elec¬ 
tron  probe  microanalysis  and  the  film  thickness  with  a  pro- 
filometer.  Some  selected  samples  were  studied  by  TEM  us¬ 
ing  a  JEOL  200  CX  microscope  and  also  by  STM. 

Magnetization  and  M-H  loops  were  measured  with  a 
vibrating  sample  magnetometer.  FMR  was  observed  at  9.8 
GHz  with  the  dc  applied  field  both  in  the  film  plane 
and  perpendicular  to  it. 


RESULTS  AND  DISCUSSIONS 

The  planar  TEM  picture  corresponding  to  the  sample 
with  Cu=46  at.  %  shown  in  Fig.  1,  has  a  magnification  of 
308  571 X.  One  can  observe  clusters  varying  in  size  from 
about  160  to  450  A.  The  average  cluster  size  averaged  over 
30  clusters  that  are  reasonably  clear  is  about  250  A.  The 
clusters  are  separated  by  grain  boundaries.  The  cluster  size 
varies  from  location  to  location  even  within  this  micrograph. 
This  appears  to  be  consistent  with  STM  studies  to  be  de¬ 
scribed  below. 

Surface  roughness  studied  by  STM  of  several  samples 
showed  no  significant  differences  with  the  film  thickness  or 
Cu  content.  Figure  2  shows  the  surface  roughness  of  the 
sample  with  Cu=66  at.  %  as  a  typical  case.  The  top  surface 
appears  to  be  wavy  with  the  average  maximum  height  of 
about  50  A.  The  size  of  such  zones  is  in  the  range  300-450 
A  although  one  could  see  regions  of  smaller  ones.  Such 
shapes  and  sizes  would  lead  to  demagnetization  factors 
which  are  not  easy  to  calculate  as  discussed  later. 

The  M-H  loops  along  the  film  normal  were  typical  of 
hard  axis  ones  with  no  remanence.  The  in-plane  M~H  loops 
are  rectangular  and  their  shapes  change  with  increasing  Cu 


FIG.  1.  TEM  planar  picture  of  the  sample  with  Cu=46.  Magnification 
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FIG.  2.  STM  surface  image  of  the  sample  with  Cu=66%,  x  axis  50  nm/div, 
z  axis  15  nm/div. 


content  due  to  the  appearance  of  perpendicular  anisotropy 
(//p).  We  will  discuss  the  presence  of  Hp  when  describing 
the  FMR  results.  No  uniaxial  anisotropy  in  the  film  plane 
could  be  detected.  Figures  3(a)  and  3(b)  show  two  typical 
results  for  j;=20  and  60,  respectively.  Figure  3(b)  is  typical 
of  a  loop  with  the  presence  of  Hp  and  consequently  this  leads 
to  an  increase  in  the  saturation  field  .  Figure  4  shows  the 
Cu  content  dependence  of  H,.  It  seen  that  it  is  low  and 
around  200  Oe  for  jc^40  but  shows  a  sudden  jump  for 
jr>40  to  reach  a  peak  value  of  about  1.2  kOeforj;=60.The 
Cu  content  dependence  of  the  in-plane  coercivity  is  also 
very  interesting  and  somewhat  analogous  to  that  of  //,  as 
shown  in  Fig.  4.  first  increases  sharply  for  a: >30  and 
after  showing  a  broad  peak  it  decrease  again.  The  peak  value 
of  He  is  about  100  Oe.  The  magnetization,  when  expressed 
in  terms  of  the  total  sample  volume  Co+Cu  shows  a  linear 
decrease  as  x  increases.  But  since  Co  and  Cu  do  not  form  an 
alloy  the  magnetization  should  be  expressed  in  terms  of  the 
actual  Co  volume.  In  this  case  the  magnetization  of  all  the 
samples  equals  that  of  bulk  Co.  A  similar  conclusion  was 
also  reached  by  Kneller^  on  evaporated  Co-Cu  films.  This 
shows  that  the  Co  moment  is  conserved  because  the  Co  at¬ 
oms  tend  to  cluster  together.  The  magnetization  of  the 
samples  was  independent  of  tiie  deposition  parameters  and 
the  film  thickness  in  the  range  300-2500  A,  but  not  so  for 
the  FMR  properties  as  will  be  discussed  later. 

The  FMR  resonance  linewidth  AH,  as  is  well  known,  is 
a  sensitive  tool  to  check  the  quality  of  the  films.  We  made  a 
systematic  study  of  AH  as  a  function  of  the  deposition  pa¬ 
rameters  (rf  power  and  /j^r)  and  film  thickness.  Changing  the 
rf  power  from  80  to  100  W  did  not  sensibly  affect  the  FMR 


FIG.  3  The  in-plane  M-H  loops  for  the  samples  for  (a)  Cu=20  and  (b)  60 
at.  %,  respectively. 


FIG.  4.  The  Cu  content  dependence  of  the  saturation  field  H,  and  the  in¬ 
plane  coercivity  He . 

properties.  AH^^^  was  generally  higher  than  AH^e^,  in  all  the 
samples.  This  could  arise  from  an  inhomogeneous  demagne¬ 
tization  field  in  the  film  plane  due  to  the  interspersing  of  Co 
and  Cu  clusters.  For  a  given  composition  both  A//pa„  and 
AHpe^  remain  almost  independent  of  p^r  in  the  range  6-23 
mTorr  but  show  a  rapid  increase  by  a  factor  of  7  forpAr=3.5 
mTorr.  This  is  due  to  inhomogeneous  line  broadening  and  it 
can  be  inferred  that  very  low  leads  to  inhomogeneity. 
This  cannot  be  due  to  Ar  inclusion  which  is  known  to  occur 
only  for  high  Ar  pressures.  Therefore  we  attribute  this  to  the 
inhomogeniety  caused  by  the  high  kinetic  energy  of  the  ada¬ 
toms  resulting  from  lesser  collisions  due  to  a  large  mean  free 
path  at  the  fairly  low  Ar  pressure.  This  leads  to  more  mixing 
of  Co  and  Cu  and  the  resonance  fields  are  perturbed  by  the 
presence  of  nonmagnetic  inclusion  of  Cu.  Also  at  low  argon 
pressures,  plasma  instability  occurs.  Finally  the  study  of  the 
thickness  dependence  of  A//pj,p  showed  that  it  decreases 
from  90  to  70  Oe  when  the  film  thickness  is  increased  from 
300  to  1400  A  and  then  decreases  only  slightly  for  2600-A- 
thick  sample.  So  the  following  standard  conditions  of  prepa¬ 
ration  were  adopted;  Pa, =6  mTorr,  rf  power=80  W,  and  film 
thickness =1400 ±200  A.  The  properties  of  the  samples  with 
different  Cu  content  are  discussed  below. 


Cu(at%) 


FIG.  5.  The  Cu  content  dependence  of  the  perpendicular  anisotropy  Hp 
assuming  a  demagnetization  field  of  drrAf .  corresponds  to  after  annealing  at 
405  °C.  See  the  text. 
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FIG.  6.  The  Cu  content  dependence  of  the  parallel  FMR  line  width  . 
Also  are  shown  data  for  * = 67,  for  film  thicknesses  □  300  A,  A  720  A,  • 
1200  A,  O  2600  A,  respectively. 


The  FMR  spectra  in  composite  films  are  to  be  distin¬ 
guished  from  those  on  multilayers  where  oscillatory  coupling 
exists  between  the  magnetic  layer  and  where  supplementary 
resonance  modes  have  been  observed.^  The  FMR  spectra 
with  H  in  the  film  plane  showed  a  single  intense  mode  except 
in  the  very  few  cases  where  a  very  small  shoulder  could  be 
observed  at  the  lower  field  side  which  we  have  neglected  for 
the  present  discussion.  However,  the  perpendicular  spectra  of 
all  the  samples  consisted  of  an  intense  mode  followed  at 
lower  fields  by  two  or  sometimes,  three  satellite  modes  of 
smaller  (~5%)  intensity  as  compared  to  the  first  one.  These 
modes  are  not  standing  spin  waves  as  shown  by  the  absence 
of  a  quadratic  behavior  in  their  field  positions  and  the  ran¬ 
dom  way  in  which  their  intensities  varied.  No  clear  correla¬ 
tion  could  be  established  between  the  spacing  of  the  modes 
and  either  the  Cu  content  or  the  film  thickness.  Apparently 
the  composite  nature  of  the  samples  perturbs  these  modes 
which  could  be  eigenmodes.  From  the  parallel  and  perpen¬ 
dicular  resonance  fields  we  calculated  the  g  factor  and  effec¬ 
tive  demagnetization  47rM'  =  4vM-Hp,  where  we  have 
implicitly  assumed  that  the  demagnetization  factor  corre¬ 
sponds  to  that  of  a  thin  film.  For  the  calculation  we  consid¬ 
ered  only  those  resonance  modes  which  yielded  the  g  factor 
close  to  2.2  typical  of  Co.  From  AttM'  one  can  calculate 
Hp,  provided  one  knows  the  value  of  4vM.  If  we  consider 
only  the  Co  clusters  which  are  participating  in  the  resonance 
then  4irA/  has  to  be  taken  as  17.5  kG  based  on  the  measured 
M  values.  In  this  case  Hp  increases  almost  linearly  with  the 
Cu  content  as  shown  in  Fig.  5.  These  Hp  values  are  unrea¬ 
sonably  large  because  the  in-plane  loops  study  shows  that  the 
magnetization  is  essentially  in  the  film  plane.  One  might 
therefore  ask  what  would  be  the  real  demagnetization  factor 
in  such  composite  films  which  consist  of  clusters  and  are  not 
homogeneous.  From  TEM  studies  we  had  infened  that  the 
average  cluster  size  was  about  240  A.  Considering  the  films 
thickness,  which  is  1200±100  A,  the  aspect  ratio  is  not  any¬ 


more  that  of  a  thin  filin.  Therefore  the  demagnetization  factor 
N  which  creates  the  internal  field  N(4'!tM)  should  be  much 
less  than  one  nonhaliy  used  for  thin  films.  Calculation  of  the 
exact  demagnetization  factor  is  quite  complex  for  the  clus¬ 
ters  with  which  we  are  concerned.^  If  one  assumes  as  a  first 
approximation,  .N= 0.5  which  is  reasonable  then  the  demag¬ 
netization  field  becomes  2ttM.  In  this  case  the  Hp  values 
reported  in  Fig.  5  will  have  to  be  halved.  These  Hp  values 
are  more  reasonable  and  consistent  with  the  easy  plane  loops 
observed.  There  could  be  some  contribution  to  Hp  from  mag¬ 
netoelastic  energy  (o-XX)  (where  the  first  and  second  terms 
represent  the  stress  and  the  magnetostriction)  due  to  stresses 
arising  from  the  Cu  clusters  which  surround  the  Co  ones.  Of 
course  some  stress  would  also  be  created  by  the  sputter 
growth  process.  Indeed  we  annealed  some  samples  in  a 
vacuum  of  about  5X10“®  Torr  for  a  duration  of  3  h  and 
studied  the  effect  on  the  magnetic  properties.  No  change  was 
observed  for  annealing  temperatures  up  to  300  °C.  However 
annealing  at  405  °C  produced  some  changes  in  the  FMR 
properties.  No  change  in  the  magnetization  was  observed  as 
was  expected  because  the  magnetization  cannot  exceed  that 
of  bulk  cobalt  but  a  decrease  in  Hp  was  observed  as  shown  in 
Fig.  5  forx=60  at.  %.  This  reduction  could  be  attributed  to 
the  relieving  of  some  of  the  stress  hence  a  reduction  in  the 
magnetoelastic  anisotropy.  Annealing  at  405  "C  also  leads  to 
a  small  increase  in  coercivity  of  about  15%.  The  coercivity 
depends  on  the  microstructure  which  was  possibly  modified 
by  the  annealing  treatment.  More  structural  work  is  needed 
to  interpret  this  result. 

As  regards  the  Cu  concentration  dependence  of  the  line- 
width,  the  A//pj^  remains  constant  at  80  ±20  Oe  for 
and  forx>60  it  increases  rapidly  to  a  value  of 
200  Oe.  But  shows  a  totally  different  behavior  as 

shown  in  Fig.  6.  It  decreases  initially  with  the  Cu  addition 
and  after  showing  a  broad  minimum  starts  increasing  rapidly 
forx>60  to  reach  a  value  of  300  Oe  forx=82.  In  the  same 
figure  is  also  shown  the  linewidth  for  samples  with  x=61, 
with  thicknesses  300,  720,  1200,  and  2600  A,  the  highest 
linewidth  being  for  the  thinnest  sample  as  mentioned  earlier. 
More  structural  studies  are  needed  to  understand  the  above 
results  and  are  in  progress. 
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Nanocrystalline  CU80C020  powders  were  fabricated  using  a  chemical  precipitation  technique. 

As-pfepared  powders  consist  of  metal-oxides  having  an  average  particle  size  of  100  A.  When 
appropriately  heat  treated,  these  powders  reduce  to  form  a  CuCo  face-centered  cubic  alloy;  heat 
treatments  at  higher  temperatures  (^400  °Cj  facilitate  the  phase  separation  of  the  alloy  to  its 
elemental  components.  Concurrent  with  an  increase  in  annealing  temperature,  the  coercive  field 
decreases  while  the  magnetization  increases,  reflecting  particle  coarsening  and  the  relative  amount 
of  free  cobalt  in  the  mixture. 


I.  INTRODUCTION 

Nanoscale  particles  have  proven  useful  in  a  very  diverse 
range  of  applications  ranging  from  catalysts  and  composites 
to  magnetic  storage  media.  Our  interest  in  CuCo  nanopar¬ 
ticles  is  to  investigate  the  possibility  of  expanding  the  limited 
miscibility  region  of  the  Cu-Co  equilibrium  phase  diagram 
using  chemical  processing.  A  related  interest  is  to  investigate 
if  such  metastable  alloys,  after  appropriate  heat  treatments, 
show  an  enhanced  magnetoresistance  effect  similar  to  that 
exhibited  by  metastable  alloys  processed  via  vapor- 
quenching*'^  and  melt-spinning  techniques.^’'* 

In  this  paper  we  report  the  fabrication  of  nanostructured 
metastable  CuCo  particles  via  a  chemical  reduction  tech¬ 
nique.  In  this  technique,  transition  metal-oxides  are  precipi¬ 
tated  from  solution  and  reduced  to  a  metallic  alloy  by  heat 
treatment  at  400  "C  under  Hj  gas  flow.  Heat  treatments  at 
temperatures  &400  ®C  cause  this  alloy  to  phase  separate  to 
its  elemental  components.  Magnetoresistance  (MR)  measure¬ 
ments  of  compacted  annealed  powders  show  a  modest  MR 
effect  of  1%  at  2  K  in  high-porosity  compacts. 


II.  EXPERIMENTAL 

Metallic  powders  consisting  of  Cu  and  Co  were  prepared 
u.sing  a  chemical  precipitation  technique.  Details  of  the 
sample  processing  will  be  presented  elsewhere.^  Samples 
were  heat  treated  under  flowing  H2  gas  at  temperatures  rang¬ 
ing  from  200  to  650  "C  for  a  period  of  60  min.  This  heat 
treatment  procedure  was  found  to  be  effective  in  selectively 
removing  the  oxygen  from  the  samples  reducing  them  from 
oxides  to  metals.  Structural,  chemical,  and  magnetic  mea¬ 
surements  of  the  as-prepared  and  heat-treated  .samples  were 
performed  ex  situ  under  ambient  conditions.  Structural  char¬ 
acterization  was  performed  using  extended  x-ray  absorption 
fine  structure  (EXAFS),  x-ray  diffraction  (XRD),  and  elec¬ 
tron  microscopy  measurements.  The  magnetic  properties  of 
the  samples  were  measured  using  a  vibrating  sample  magne- 
tonietry  (VSM).  Cold-pressed  pellets  made  from  the 
heat-treated  powders  were  measured  for  their  MR 
[Ap/p=(p-po)/po;  po=zero  field  applied]  properties  using  a 
collinear  four  point  probe  technique  at  a  temperature  of  2  K 
and  an  applied  field  strength  of  5  T. 


We  limit  our  discussion  here  to  include  XRD,  EXAFS, 
and  VSM  results.  We  find  that  the  use  of  both  a  long-range 
structural  probe,  XRD,  and  a  short-range  structural  probe, 
EXAFS,  are  needed  to  obtain  a  coherent  picture  of  the  struc¬ 
tural  evolution  of  these  powders  with  heat  treatment.  XRD 
analysis  was  performed  using  a  Cu^^  source  operating  in  a 
6-26  diffractometer  while  EXAFS  measurements  of  the  Co 
and  Cu  K  absorption  edges  were  performed  at  the  National 
Synchrotron  Light  Source  in  transmission  mode  on  NRL’s 
beamline,  X23B.  EXAFS  analysis  procedures  follow  those 
outline  in  Ref.  6  leading  to  Fourier  transforms  of  the  Co  and 
Cu  EXAFS  data.  In  this  form  the  EXAFS  data  are  analogous 
to  a  partial  radial  distribution  function  where  the  position  and 
amplitude  of  Fourier  peaks  typically  correspond  to  atoms  in 
the  local  environment  around  the  absorbing  atom. 

III.  RESULTS  AND  DISCUSSION 
A.  Structural  evolution  with  heat  treatment 

Figure  1  is  a  plot  of  the  XRD  patterns  for  35°^26^55° 
for  the  samples  heat  treated  at  265, 330, 400,  and  650  °C.  All 
features  in  the  diffraction  scans  can  be  identified  with 
metallic-oxides  or  an  fee  metallic  phase.  Dark  field  transmis¬ 
sion  electron  microscopy  (TEM)  images  of  the  as-prepared 
powder  show  particles  to  be  spherical  in  shape  and  range  in 
size  from  50  to  100  A  in  diameter.  A  smaller  number  of 
larger  particles,  ranging  in  size  from  200  to  400  A,  were  also 
observed.  Selected  area  diffraction  showed  broad  diffuse 
rings  characteristic  of  nanocrystalline  structures. 

After  an  anneal  at  265  "C,  the  XRD  pattern  indicates  that 
the  powder  has  been  substantially  reduced,  with  only  weak 
diffraction  features  corresponding  with  the  precipitate  phase. 
The  dominant  phase  in  this  annealed  sample  is  the  CU2O 
phase  with  evidence  for  small  amounts  of  CuO  and  possibly 
free  fee  Cu.  It  is  unclear  in  which  phase  the  Co  atoms  reside. 
Several  stable  CuCo-oxides  exist  and  some  have  diffraction 
features  which  overlap  those  in  Fig.  1.  However,  no  match 
was  made  to  the  diffraction  files  of  these  phases  leading  us  to 
conclude  that  the  Co  has  been  incorporated  into  the  CU2O 
phase  but  has  not  formed  an  ordered  (Cu^Coi_^)20  struc¬ 
ture. 

Fourier  transformed  Co  EXAFS  data  for  the  sample  an¬ 
nealed  at  265  °C  are  present  d  as  the  solid  curve  in  Fig.  2(a). 
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FIG.  1.  X-ray  ^2ddiffraction  patterns  for  heat-treated  powder  samples.  All 
diffraction  features  are  identified  on  the  plot,  (x:  contamination  from  pro¬ 
cessing;  pi  precipitate  phase). 


The  dominant  features  of  the  data  presented  in  Fig.  2  have 
been  identified  by  comparison  to  Fourier  transformed 
i  EXAFS  data  collected  from  an  empirical  standard.  The  Fou¬ 

rier  peaks  labeled  with  a  superscript  “o”  correspond  to 
^  neighbors  in  an  oxide  phase  while  those  labeled  with  a  su- 

'  pcrscript  “m”  correspond  with  neighbors  in  a  close-packed 

metal  phase.  The  subscript  defines  the  number  of  the  atomic 
,  shell  relative  the  absorber.  Figure  2(a)  indicates  that  the 

.  265  ®C  annealed  sample  has  only  oxide  neighbors  in  its  local 

environment.  Although,  higher  order  neighbors  may  include 
transition  metals  they  appear  at  distances  and  with  relative 
'  amplitude  which  match  those  of  the  oxide  phases. 

The  diffraction  pattern  following  an  anneal  at  330  "C  is 
dramatically  different,  having  strong  diffraction  peaks  at  26 
values  of  43.5°  and  50.7°,  corresponding  with  the  (111)  and 
(200)  lines  of  the  fcc-Cu  phase.  Concurrent  with  the  heat 
treatment,  the  diffraction  features  for  the  CU2O  phase  are 
seen  to  deaease  in  intensity  and  those  corresponding  with 
the  precipitate  phase  are  no  longer  visible.  Small  diffraction 
features  exist  which  conespond  with  minority  phases  of 
CuO,  CujO,  and  CU4O3.  Again  no  evidence  is  seen  for  the 
presence  of  any  Co  phase.  The  very  broad  Cu  lines,  having  a 
slight  asymmetry  on  the  right-hand  side  conesponding  with 
a  smaller  d  spacings,  suggests  that  the  Co  may  reside  with 
the  Cu  in  the  fee  structure.  The  Fourier  transformed  Co 
EXAFS  data  for  the  330  °C  sample,  presented  as  the  dashed 
j  curve  in  Fig.  2(a),  support  this  interpretation.  In  contrast  to 

the  265  °C  Fourier  transformed  data,  these  data  illustrate  a 
well-resolved,  large  Fourier  peak  centered  at  2.2  A  corre¬ 
sponding  to  a  transition  metal  near  neighbor  in  the  fee  struc- 
‘  ture  (uncorrected  for  electron  phase  shifts).  Peaks  appearing 

at  higher  radial  distances  (3  A=Sr^5  A)  also  coaespond 
^  with  fee  sites.  The  small  peak  centered  near  1.5  A  and  the 

,  shoulder  on  the  left-hand  side  of  the  2.2  A  Fourier  peak 

indicates  that  not  all  of  the  Co  atoms  occupy  fee  sites,  some 
'  remain  in  oxide  phases.  Taken  together,  the  results  of  the 

XRD  and  the  EXAFS  indicate  that  the  Co  atoms  in  the 
sample  annealed  at  330  °C  predominantly  occupy  lattice  po- 


FIG.  2.  Fourier  transformed  Co  EXAFS  data  for  samples  heat  treated  at  (a) 
265  and  330  °C,  and  (b)  400  and  650  "C.  Fourier  transformed  EXAFS  data 
for  a  fee  Cu  standard  is  presented  in  (b)  to  allow  qualitative  eomparisons. 
Fourier  transforms  were  performed  using  k  ranges  of  2.5-14  A"'  and  a 
weighting.  Eleetron  phase  shift  eorreetions  have  not  been  ineorporated  in 
these  data  therefore  radial  distanees  do  not  represent  true  bond  lengths. 


sitions  within  a  metallic,  close-packed,  structure  having  a 
lattice  parameter  very  close  to  that  of  fee  Cu.  This  suggests 
that  the  Co  atoms  have  transformed  with  heat  treatment  from 
the  Co-oxide  to  a  disordered  CoCu-oxide  and  finally  to  a 
CuCo  alloy. 

A  heat  treatment  at  400  °C  is  seen  in  Fig.  1  to  further 
reduce  the  oxide  content  of  the  powder;  the  diffraction  fea¬ 
tures  of  the  minority  Cu-oxide  phases  have  nearly  been 
eliminated.  The  dominant  features  of  these  data  are  identified 
with  the  Cu-rich  fee  phase.  The  asymmetry  seen  in  the  XRD 
data  for  the  330  °C  annealed  sample  appears  as  a  pronounced 
shoulder  in  the  XRD  scan  of  the  400  °C  annealed  sample 
suggesting  that  the  Co  in  the  Cu  matrix  has  begun  to  chemi¬ 
cally  separate  from  the  Cu  matrix  but  has  not  yet  formed  fee 
Co  particles.  The  Fourier  transformed  Co  EXAFS  data  for 
this  sample  are  presented  as  the  solid  curve  in  Fig.  2(b)  to¬ 
gether  with  the  data  for  the  sample  annealed  at  650  °C  and 
the  fee  Cu  data;  the  latter  presented  for  qualitative  compari¬ 
son  purposes.  The  inset  graphic  defines  the  relationship  be¬ 
tween  the  Fourier  peala  and  the  fee  lattice  sites.  All  Fourier 
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features  are,seen:tp:correspond  with  the  metallic  fee  struc¬ 
ture.  The  excessive  broadness  of  the  near  neighbor  peak  hints 
that  the  structure  is  disordered  and  likely  exists  as  small 
grains  only  a  few  unit  cells  in  diameter.  Supporting  this  in¬ 
terpretation,  TEM  analysis  and  .selected  area  diffi-action  were 
insensitive  to  the  presence  of  the  Co  fee  phase. 

Annealing  at  a  temperature  of  650  °C  facilitates  a  phase 
separation  of  the  CuCo.  alloy  to  Co  and  Cu  fee  phases.  The 
shoulder  features  seen  in  the  400  °C  XRD  data  now  appear 
as  resolved  peaks  at  lower  d  spacings  corresponding  to  the 
fee  Co  phase.  A  small  diffraction  feature  appears  at  a  d  spac¬ 
ing  which  matches  that  of  the  CU2O  phase.  This  is  the  only 
evidence  that  oxidation  has  occurred  in  these  powders.  TEM 
analysis  of  the  powders  annealed  at  650  “C  show  a  slight 
coarsening  of  the  particles  to  a  mean  diameter  size  ranging 
from  100  to  200  A;  a  smaller  number  of  larger  particles 
ranging  in  size  from  400  to  600  A  are  also  observed.  The 
distances  and  relative  amplitudes  of  the  peaks  in  the  Fomier 
transformed  Co  EXAFS  data  for  this  sample  match  closely 
with  those  of  the  Cu  fee  standard.  The  shifts  in  the  distances 
of  the  Fourier  peaks  over  the  1-5  A  range  between  the  Cu 
standard  and  the  Co  EXAFS  of  the  annealed  sample  are  ex¬ 
pected  due  to  the  Co-Co  and  Co-Cu  correlations;  Co  being  a 
slightly  smaller  atom  than  Cu. 

B.  Magnetic  properties 

The  magnetic  properties  of  powders  annealed  at  265- 
650  ®C  are  presented  in  Fig.  3  with  the  magnetization  versus 
applied  field  {M  vs  H)  curves  presented  as  the  inset  plot  to 
Fig.  3.  VSM  measurements  of  the  as-prepared  and  265  °C 
annealed  samples  show  them  to  be  paramagnetic  with  no 
evidence  of  a  ferromagnetic  component.  The  sample  an¬ 
nealed  at  400  °C  illustrates  a  ferromagnetic  behavior  in  its  M 
vs  H  curve.  This  conesponds  with  the  appearance  of  the 
metallic  CuCo  alloy  in  the  XRD  and  EXAFS  data  indicating 
that  some  of  the  Co  has  chemically  segregated  from  within 
the  Cu  lattice  to  form  ferromagnetic  particles  or  regions. 

The  M  vs  H  curves  for  annealed  samples  appear  to 
nearly  saturate  at  an  applied  field  of  8  kOe  but  a  paramag¬ 
netic  slope  is  clearly  present.  The  paramagnetic  slope  is 
likely  caused  from  those  Co  atoms  remaining  within  the  Cu 
lattice  and  surrounded  predominately  by  Cu  atoms.  A  similar 
paramagnetic  signature  was  observed  in  vapor-quenched 
films  and  melt-spun  ribbons  having  similar  composition  and 
heat  treatment  histories;  this  was  also  attributed  to  Co  atoms 
stabilized  in  the  Cu  matrix.*"*  Figure  3  illustrates  the  trend  in 
magnetic  properties  with  annealing  temperature.  The  coer¬ 
cive  field  decreases  while  the  magnetization  values  increase 
reflecting  the  particle  coarsening  and  the  segregation  of  fee 
Co,  respectively. 

In  an  attempt  to  investigate  the  magnetotransport  prop¬ 
erties  of  these  samples  the  CuCo  powder  annealed  at  650  °C 
for  60  min  was  compacted  using  an  uniaxial  pressure  of  ap¬ 
proximately  500  MPa.  The  resulting  compact  was  measured 
to  have  a  density  of  61%  (of  the  theoretical  bulk)  and  a  room 
temperature  electrical  resistivity  of  '«300  /rfiem  (200 
/rfi  cm  at  2  K).  A  modest  MR  of  1%  was  measured  at  2  K. 
We  believe  the  high  electrical  resistivity  and  lower  than  ex- 
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FIG.  3.  Magnetization  and  coercive  field  values  for  annealed  powders  as  a 
function  of  annealing  temperature.  Inset  plotted  data  are  Af  vs  /f  curves  for 
annealed  samples  illustrating  the  trend  of  increasing  magnetization  with 
annealing  temperature. 

pected  MR  effect  are  related  to  the  high  porosity  of  the  com¬ 
pact.  Following  a  cold-forging  procedure  which  increased 
the  pellets  density  from  61%  to  approximately  70%  the  room 
temperature  electrical  resistivity  was  reduced  to  30  /j£l  cm 
(18  /tift  cm  at  2  K);  an  order  of  magnitude  decrease.  Hot- 
isostatic  pressing  improved  the  density  of  the  compact  to 
«»9S%  and  lowered  the  electrical  resistivity  to  4.5  fjh  cm 
(2.5  cm  at  2  K).  However,  the  MR  effect  decreased  by  a 
factor  of  2  as  a  result  of  the  improved  densification.  The  lack 
of  a  “giant”  MR  in  this  compacted  CU80C020  powder  can  be 
attributed  to:  (1)  the  large  field  independent  component  of 
the  MR  arising  from  the  scattering  across  the  particle  inter¬ 
face,  possibly  enhanced  due  to  a  thin  oxide  layer,  or  (2)  the 
mixing  of  particle  interfaces  brought  about  by  sample  heat¬ 
ing  during  forging.  Investigations  are  underway  to  further 
explore  the  processing  dependence  of  the  magnetic  and 
transport  properties  of  these  powders. 
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Relaxation  measurements  and  particle  size  determination  in  Co-Ag 
heterogerieous  alloy  films 
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Magnetic  properties  of  dilute  Co-Ag  heterogeneous  alloy  films  are  inv  stigated  to  test  the  Neel 
model  of  magnetic  relaxation.  The  static  properties  indicate  a  narrow  particle  size  distribution  for 
each  sample.  Dynamic  susceptibility  measurements  indicate  a  frequency  dependence  for  the 
susceptibility  peak  that  is  not  consistent  with  the  Neel  model. 


INTRODUCTION 

There  exists  a  need  to  test  the  Neel  model  of  magnetic 
viscosity*  on  well-characterized  samples.^  An  impressive 
body  of  experiments  on  ferrofiuids,^  for  example,  indicates  a 
logarithmic  time  dependence  for  the  magnetization,  even 
though  the  Neel  model  predicts  an  exponential  decay  with 
time.  A  wide  distribution  of  relaxation  times  is  usually  cited 
as  the  cause  of  the  logarithmic  decay,'*  with  deviations  from 
ln(t)  behavior  attributed  to  interactions  or  the  distribution 
itself.^  Because  of  the  wide  distribution  and  interactions,  the 
basic  expression  is  not  usually  questioned.  Our  work  focuses 
on  characterizing  dilute  Co-Ag  granular  films  in  detail,  so 
that  a  theoretical  model  can  be  developed  from  the  data  us¬ 
ing  a  minimum  of  adjustable  parameters. 

SAMPLE  PREPARATION 

Heterogeneous  Co-Ag  alloy  films  were  produced  using 
dc  magnetron  sputtering  from  separate  targets  onto  a  rotating 
planetary  substrate  heated  to  80  °C.  Films  approximately  1 
mm  thick  were  deposited  onto  1  ml  Kapton  substrates  after 
back-sputtering  for  15  min.  Films  of  pure  Ag  were  also  pre¬ 
pared  under  identical  conditions  to  serve  as  references. 
Atomic  absorption  measurements  indicated  a  film  thickness 
of  9000  A  and  a  Co  concentration  of  5%  by  volume. 
Samples  of  the  films  were  annealed  in  flowing  hydrogen  for 
8  h  at  200  °C.  Preliminary  TEM  analysis  indicates  the  films 
consist  of  FCC  Co  precipitates  dispersed  in  a  polycrystalline 
FCC  Ag  matrix. 

dc  MAGNETIC  MEASUREMENTS 

Static  magnetic  measurements  as  functions  of  field  and 
temperature  were  performed  using  a  SQUID  magnetometer 
in  order  to  determine  ^e  Co  particle  sizes  and  distributions. 
In  each  case  the  data  were  corrected  for  Kapton  and  Ag 
contributions.  Figure  1  shows  magnetization  curves  mea¬ 
sured  at  50,  100,  200,  and  300  K  for  both  samples.  These 
temperatures  are  well  above  each  sample’s  blocking  tem¬ 
perature,  allowing  a  superparamagnetic  analysis  to  be  per¬ 
formed.  The  data  at  each  temperature  were  fit  to  a  Langevin 
function  having  a  lognormal  distribution  of  particle  volumes. 
No  additional  anisotropy  or  susceptibility  terms  were  used  in 
the  fit.  The  adjustable  parameters  for  these  fils  are  the  sam¬ 
ple’s  saturation  magnetization  ,  the  geometric  mean  vol¬ 
ume  { P)c ,  and  i..e  distribution  width  parameter  <x„ .  In  the 
figure  the  vaiue  of  {V)q  is  given  as  {D)(; ,  the  diameter  of  a 


particle  with  volume  (V’)^ .  All  the  Co  is  assumed  to  contrib¬ 
ute  to  the  moment,  and  the  magnetization  of  each  Co  cluster 
is  fixed  at  1435  emu/cm  Co,  a  value  determined  by  measur¬ 
ing  the  moment  of  the  annealed  sample  at  1.75  K  in  70  kOe. 
The  fits  were  all  of  a  high  quality,  as  evidenced  by  the  low 
uncertainties  in  the  fit  parameters,  reasonable  values  of  , 
and  low  values  of  chi  squared.  The  results  for  each  sample  at 
r=100  K,  which  are  typical  of  the  fits  at  all  temperatures, 
are  indicated  in  the  figure. 

Figure  2  shows  the  dc  susceptibility  measured  after  cool¬ 
ing  in  zero  field  to  6  K  (ZFC),  and  the  susceptibility  mea¬ 
sured  after  cooling  in  50  Oe  to  6  K  (FC)  for  each  sample.  For 
both  ZFC  and  FC  the  susceptibility  was  determined  by  cal¬ 
culating  a  linear  fit  to  the  moment  measured  in  fields  of  10, 
20, 30,  40,  and  50  Oe  at  each  temperature.  Annealing  is  seen 
to  shift  the  peak  in  the  ZFC  susceptibility  from  11  K  to  8.5 
K.  Similar  downward  shifts  have  been  reported  for  more 
concentrated  Co-Ag  films.^  The  temperature  of  the  peak  in 


FIG.  t.  Magnetization  curves  measured  at  the  indicated  temperatures.  The 
solid  lines  are  the  calculated  tits  at  each  temperature.  Parameters  listed  are 
for  the  r=  100  K  data. 
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the  ZFC  data  is  identified  as  the  blocking  temperature,  T^, 
for  the  mean  particle  volume  in  the  sample.  No  divergence  is 
seen  between  the  ZFC  and  FC  data  until  the  ZFC  peak  in  the 
as-deposited  film.  The  annealed  film  shows  divergence  be¬ 
tween  the  ZFC  and  FC  below  UK.  This  divergence  is  small, 
and  may  not  be  apparent  in  the  figure.  The  onset  of  irrevers¬ 
ibility  is  indicated  by  the  divergence  of  the  FC  and  ZFC 
susceptibilities.  The  field  applied  during  cooling  partially 
aligns  the  moments  of  the  particles,  and  once  those  particles 
are  cooled  to  below  their  bljcxing  temperatures  they  will 
exhibit  irreversible  behavior.  With  decreasing  temperature, 
this  irreversibility  will  first  appear  in  the  largest  particles  in 
the  sample,  and  as  such  may  help  to  indicate  the  width  of  the 
size  distribution.  The  data  from  the  annealed  film  indicate  a 
very  narrow  distribution  of  particle  sizes,  with  the  largest 
particles  becoming  blocked  at  11  K,  and  the  majority 
blocked  at  8.5  K.  The  as-deposited  data  indicate  a  still  nar¬ 
rower  distribution,  with  essef’fially  all  the  particles  blocking 
at  11  K.  The  inset  of  Fig.  li  ows  the  inverse  of  the  ZFC 
susceptibility.  Extrapolation  lo  the  temperature  axis  deter¬ 
mines  the  value  of  the  Curie-Weiss  constant  0cw.  which  is  a 
measure  of  the  strength  of  particle  interactions.  The  as- 
deposited  data  extrapolate  to  0cw=~'4±l  K,  while  the  an¬ 
nealed  sample  extrapolates  to  0qv=1±1  K.  These  data  indi¬ 
cate  there  may  be  some  weak  net  antiferromagnetic 
interactions  in  the  as-deposited  sample,  presumably  from  in¬ 
terparticle  exchange,  while  the  annealed  sample  is  noninter¬ 
acting  within  the  uncertainty  of  the  extrapolation.  The  total 
anisotropy,  K,  assumed  to  be  uniaxial,  can  be  estimated  from 
Tf,  and  the  known  volume  distribution  using  a  simulation  of 
the  dc  susceptibility  (discussed  below)  and  the  Neel  relation* 
K-k^Tf,  Here  is  the  Boltzmann’s  constant, 

is  the  measurement  time,  taken  to  be  100  s,  and  Tq  is 


taken  to  be  10""*  s,  representing  the  inverse  of  an  attempt 
frequency  for  switching  over  the  anisotropy  barrier  to  rever- 
.sal.  The  anisotropy  analysis  assumes  the  peak  in  the  ZFC 
susceptibility  is  entirely  due  to  the  blocking  of  supcrpara- 
magnetic  particles.  This  assumption  seems  reasonable,  given 
the  very  small  values  of  ^cw-  Th^  value  of  K  for  each 
sample  is  determined  by  matching  the  experimental  data  to 
the  simulation,  with  K  the  only  adjustable  parameter.  The 
result  is  K=4.1X10’  erg/cm^  for  the  as-deposited  and 
2.4X10^  erg/cm^  for  the  annealed  sample.  These  values  are 
higher  than  the  1.2X10®  erg/cm^  maximum  cubic  crystalline 
anisotropy  reported  for  FCC  Co^  or  the  maximum  uniaxial 
shape  anisotropy  of  6x10®  erg/cm^.  Similar  high  anisotropy 
values  have  been  reported  for  other  granular  films*’®  and  at¬ 
tributed  to  surface  anisotropy  or  a  stress-induced  anisotropy. 
If  part  of  the  observed  anisotropy  is  stress  related,  then  the 
lower  value  for  the  annealed  sample  may  be  due  to  stress 
relief.  However,  the  value  of  A/j  used  will  not  reflect  the  true 
particle  moment  if  some  of  the  Co  is  in  the  Ag  matrix,  or  if 
the  matrix  contributes  a  separate  susceptibility  due  to  the 
presence  of  Co  in  the  matrix.  A  different  Mj  value  would 
change  the  particle  size,  which,  in  turn,  would  change  K. 

ac  SUSCEPTIBIUTY 

Measurements  of  the  ac  susceptibility  taken  after  four 
decades  of  frequency  in  a  3  Oe  (zero-to-peak)  field  as  a 
functio..  of  temperature  after  cooling  in  the  zero  field  were 
made  using  an  ultrahigh  sensitivity  ac  susceptometer.***  This 
instrument  allows  for  the  simultaneous  measurement  of  the 
in-phase  and  out-of-phase  signal  components  with  a  noise 
level  below  10“®  emu.  Figure  3  summarizes  the  susceptibil¬ 
ity  data  for  each  sample.  In  general,  the  susceptibility  peak 
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FIG.  4.  Numeric  simulations  based  on  the  Neel  model  of  magnetic  relax* 
ation.  The  lines  are  a  guide  for  the  eye. 

shifts  to  higher  temperatures  and  broadens  with  increasing 
measurement  frequency.  At  7'=  the  relaxation  time,  t,  is 
equated  to  the  measurement  interval,  rn,jjs,  taken  to  be  the 
half-period  of  the  applied  field.  The  frequency  dependence  of 
Th  can  be  used  to  investigate  the  relaxation  time,  predicted 
by  the  superparamagnetic  Neel  model  for  isolated  particles 
as  T=To  exp(KV/A:B7’6).  The  shift  of  Tj,  with  increasing  mea¬ 
surement  frequency  is  an  excellent  method  of  verifying  the 
functional  form  of  this  equation.  However,  given  the  highly 
nonlinear  dependence  of  t  on  V,  and  a  sample  having  a  dis¬ 
tribution  of  particle  volumes,  it  is  not  reasonable  to  expect 
the  value  of  r  found  from  using  F=(V')c  will  accurately 
predict  the  relaxation  time  for  the  entire  distribution. 

Numeric  simulations  on  particle  assemblies  having  a 
lognormal  distribution  of  particle  volumes  and  the  param¬ 
eters  found  from  fitting  the  magnetization  curves  were  stud¬ 
ied  to  determine  if  the  Neel  relaxation  time  expression  accu¬ 
rately  predicts  the  observed  ac  susceptibility.  The  simulations 
calculate  r  for  each  particle  in  the  distribution  and  then  as¬ 
sign  a  blocked  or  superparamagnetic  susceptibility  depend¬ 
ing  on  whether  T>tjatas  or  T<rmjjs>  respectively.  Figure  4 
shows  the  simulated  susceptibility  for  each  sample.  The  nu¬ 
meric  simulations  have  a  much  greater  frequency  depen¬ 
dence  of  Tf,  than  the  experimental  data.  Comparison  with  the 


experimental  data  clearly  indicates  the  Neel  relaxation  time 
equation  does  not  have  the  correct  functional  form  to  account 
for  the  observed  frequency  dependence  of  T* .  Assuming  the 
functional  form  of  the  relaxation  time  equation  involves  a 
simple  exponential,  a  plot  of  ln(T)  vs  l/J^  for  each  fre¬ 
quency  will  provide  a  measure  of  the  frequency  pre¬ 
factor,  Tq.  The  values  calculated  by  this  method  are  3X10"^® 
s  for  the  as-deposited  film  and  2X10“^®  s  for  the  annealed 
film.  Both  values  are  unphysical  within  the  Neel  model.  The 
much  smaller  frequency  dependence  of  the  experimental  data 
results  in  the  unphysical  values  of  tq  determined  above.  Sev¬ 
eral  different  models  for  the  relaxation  time  equation  have 
been  proposed  in  the  study  of  spin  glasses.”  In  particular,  a 
Vogel-Fulcher  analysis  is  often  used  on  ac  susceptibility 
data  which  has  a  small  frequency  dependence  of  Tf, .  This 
type  of  analysis  leads  to  an  ordering  temperature  of  To=2.5 
K  for  the  as-deposited  sample  and  To =8  K  for  the  annealed 
sample,  both  of  which  are  inconsistent  with  our  x~^  data. 

CONCLUSION 

Static  and  dynamic  magnetic  measurements  have  been 
performed  on  dilute  Co-Ag  heterogeneous  alloy  films,  both 
as-deposited  and  annealed.  The  dc  data  indicate  a  very  nar¬ 
row  size  distribution  that  can  be  fit  using  the  basic  equations 
of  superparamagnetism  for  a  sample  having  a  lognormal  dis¬ 
tribution  of  particle  volumes.  The  ac  susceptibility  data  from 
both  samples  exhibit  much  less  frequency  dependence  of  T* 
than  predicted  by  the  Neel  model  of  magnetic  relaxation, 
resulting  in  unphysical  values  of  the  exponential  pre¬ 
factor,  Tq. 
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Studies  of  magnetic  interactions  between  Gd  granules  in  copper  matrix 

J.  H.  Hsu  and  Y  H.  Huang 

Department  of  Physics,  National  Taiwan  University,  Taipei,  Taiwan,  China 

UltrafineiGd  particles  in  the  Cu  metallic  materiil  have  been  obtained  by  rapid  annealing  of  sputtered 
met^table  Gd;iCui_;j  alloys.  The  particle  shape  and  size  were  measured  by  a  transmission  electron 
microscopy.  The  evolution  of  crystal  structure  with  annealing  temperature  has  been  investigated  by 
x-ray  diffiaction  and  electron  diffraction.  It  has  been  found  that  the  Gd  granules  have  formed 
following  annealing  above  300  °C  and  the  granular  size  increases  with  rising  annealing  temperature. 

The  magnetic  data  show  that  the  as-sputtered  metastable  Gdo  iCuo.9  and  Gdo  2Cuo.8  alloys  obey  a 
Curie- Weiss  law  at  high  temperature  with  a  negative  value  of  ft  After  annealing,  the  lvalue  varies 
with  ^annealing  temperature  according  to  an  oscillatory  function.  The  evolution  of  the  magnetic 
properties  and  microstructure  during  annealing  are  described  in  detail. 


INTRODUCTION 

Recently,  the  magnetic  behaviors  of  ultrahne  particles  in 
the  thin  films  have  been  investigated  extensively.'  Granular 
solids  consist  of  small  metal  particles  embedded  in  an  im¬ 
miscible  medium  which  may  be  insulating  or  metallic.  Ex¬ 
amples  of  insulating  medium  are  Si02,  AI2O3,  and  MgO 
which  are  poor  conductors.  On  the  other  hand,  granular  sol¬ 
ids  with  a  conducting  matrix  offer  both  good  magnetic  and 
electrical  properties,  e.g.,  high  magnetization  and  coercivity 
with  very  low  resistivity.  In  order  to  obtain  such  materials, 
however,  two  metal  constituents  must  be  mutually  immis¬ 
cible  under  equilibrium  conditions.  Gd  with  Cu  is  such  an 
example.^  From  our  previous  studies,^  we  have  demonstrated 
that  sputtering  is  a  powerful  technique  for  preparing  meta¬ 
stable  alloys  from  two  .nutually  immiscible  elements.  And 
after  post-annealing  of  these  sputtered  metastable  alloys  at  an 
elevated  temperature,  the  phase  separation  will  occur  and 
nanostructured  composite  films  can  thus  be  obtained.  Be¬ 
sides,  the  granule  sizes  can  be  properly  controlled  by  anneal¬ 
ing  conditions  such  as  temperature  and  time. 

The  study  of  a  copper  medium  containing  Gd  granules  is 
also  interesting  from  a  more  fundamental  point  of  view. 
Single-domain  particles  are  realized  in  a  granular  solid  with 
low  magnetic  volume  fraction.  All  moments  within  the  par¬ 
ticles  are  ferromagnetically  aligned  and  the  interactions  of 
magnetic  Gd  granules  in  the  nonmagnetic  conducting  mate¬ 
rial  is  expected  to  be  Ruderman-Kittel-Kasuya-Yosida 
(RKKY)  type  via  conduction  electrons  of  Cu.  The  strengths 
and  types  of  magnetic  coupling  strongly  depend  on  the  dis¬ 
tance  between  Gd  granules.  By  varying  sputtering  and  an¬ 
nealing  conditions,  we  can  systematically  study  the  process¬ 
ing  effects  on  magnetic  properties  as  well  as  microstructures. 
In  this  manner  various  magnetic  states  from  these  composite 
materials  will  be  observed. 

EXPERIMENT 

The  metastable  Gd^Cui_j.  alloys  (0.4^a:<1)  were  pre¬ 
pared  by  dc  magnetron  sputtering  with  homogenously  mixed 
composite  targets.  The  kapton  foils  were  used  as  the  sub¬ 


strates  which  were  cooled  by  liquid  nitrogen  during  sputter¬ 
ing.  The  Ar  pressure  was  maintained  at  8  mTorr.  Throughout 
this  work,  the  Gd^fCuj-;^  samples  are  denoted  by  their  Gd 
relative  volume  fraction  x. 

After  the  alloy  films  were  made,  they  have  been  an¬ 
nealed,  respectively,  at  various  temperatures  in  a  computer- 
controlled  furnace  in  a  flowing  argon  atmosphere.  Starting 
from  100  “C,  the  annealing  temperature  (T^)  was  raised  in 
100  ®C  increments  to  as  high  as  500  ®C.  At  each  temperature, 
the  samples  were  annealed  for  a  preset  time  of  12  min,  then 
cooled  to  room  temperature.  One  sample  was  removed  from 
oven  for  measurements,  and  other  pieces  were  quickly 
heated  again  for  annealing  at  the  next  higher  temperature. 

The  film  structures  were  examined  by  x-ray  diffraction. 
Transmission  electron  microscopy  (TEM)  studies  were  used 
for  determination  of  both  crystal  structure  and  microstructure 
of  the  samples.  The  magnetic  measurements  were  performed 
on  a  superconducting  quantum  interference  device  in  the 
temperature  range  between  5^7’^300  K  with  a  maximum 
applied  field  of  5  T. 


FIG.  1.  X-ray  diffraction  patterns  for  as-sputtered  GdoiCuo9  and  Gdo2Cuo8 
altoys  with  kapton  substrate. 
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FIG.  2.  X-ray  diffraction  patterns  of  GdozCuos  after  annealing  at 
for  12  min. 


RESULTS  AND  DISCUSSIONS 

In  Fig.  1  it  indicates  that  the  structures  of  the  film  with 
kapton  substrate  for  as-sputtered  metastable  Gdo,iCuo.9  and 
Gdo2Cuo,8  contain  only  a  face-centered  cubic  phase,  the 
same  as  in  Cu.  Annealing  below  300  °C  does  not  change  the 
microstructure  appreciably  as  shown  in  Fig.  2.  After  anneal¬ 
ing  above  300  "C,  a  small  broad  peak  at  26^30°  starts  to 
appear,  signaling  the  recrystallization  of  the  metastable  alloy 
into  fee  Cu  and  hep  Gd.  It  is  an  indication  that  the  Gd  gran- 
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FIG.  4.  Electron  diffraction  patterns  of  GdojCuog. 
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ules  have  formed  which  can  be  also  confirmed  from  TEM 
results  as  shown  in  Fig.  3.  Furthermore,  the  broad  peaks  of 
Gd  become  more  significant  with  increasing  annealing  tem¬ 
perature  (r^).  As  a  result  it  can  be  determined  that  a  rapid 
growth  of  Gd  grains  occurs  as  is  increased.  Figure  4 
illustrates  the  evolution  of  microstructure  with  annealing 
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FIG.  3.  TEM  micrographs  of  GdojCuog. 


FIG.  5.  Magnetization  vs  magnetic  field  for  as-sputtered  G(ioiCuo9  and 
GdQ2CU{,g  at  5  K. 
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FIG.  6.  Reciprocal  magnetic  susceptibility  for  as-sputtered  Gdo.tCuo9  and 
GdojCuos  alloys  ,as  a  function  of  temperature  with  an  applied  field 
oflOOOe.  ' 


temperature..  The  fee  strueture  is  preserved  up  to 
r^=300°C.‘  Following  annealing  above  300  ®C,  the  hep 
lines  of  Gd  suddenly  appear,  whieh  eontinue  to  grow  with 
inereasihg  annealing  temperature. 

The  maghetie  held  dependenee  of  magnetization  at  3  K 
for  as-sputtered  Gdo  iCu^  g  and  Gdo  aCuo  g  is  plotted  in  Fig.  5. 
A  linear  behavior  has  been  observed  for  the  fields  smaller 
than  15  000  Oe  and  the  magnetie  moments  of  Gd  atoms  are 
not  aligned  even  under  the  applied  field  of  5  T.  Figure  6 
shows  the  dependence  of  reciprocal  magnetic  susceptibility 
(1/;^)  on  temperature  for  as-sputtered  metastable  Gdo,iCuo.9 
as  well  as  Gdo.2Cuo.8.  It  indicates  that  there  is  excellent 
agreement  with  the  Curie-Weiss  law'^  for  both  samples  at 
temperatures  above  80  K  with  a  negative  value  of  the  con¬ 
stant  0  which  is  related  to  parameters  characterizing  the  mag- 


Temp.  (K) 

FIG.  7.  Recipiocal  magnetic  susceptibility  for  as-spu'.iered  and  annealed 
Gdo2Cuo^  alloys  as  a  function  of  temperature  with  an  applied  held 
of  100  Oe. 


T^(*C) 


FIG.  8.  Curie-Weiss  temperatures  for  Gdo,Cuo9  and  Gdo2Cuo8  as  a  func¬ 
tion  of  annealing  temperature  T/^ . 


netic  interactions  in  the  solid.  In  addition,  a  magnetic  order¬ 
ing  occurs  below  5  K  which  is  the  lower  limit  of  our 
measurement  temperatures.  After  annealed,  as  indicated  in 
Fig.  7,  the  annealed  samples  exhibit  the  similar  behavior 
with  the  as-sputtered  samples  as  explained  above.  However, 
the  Gd  granules  form  superparamagnetic  particles.^  Besides, 
a  drastic  change  of  6  values  have  been  found.  The  6  value 
versus  is  plotted  in  Fig.  8.  The  lvalue  first  becomes  more 
negative  at  200  ®C  for  both  samples  but  does  not  continue  to 
decrease  further  with  annealing  temperature.  It  becomes  less 
negative  at  higher  and  furthermore  a  positive  value  has 
been  discovered  at  500  °C.  As  is  known,  the  average  gran¬ 
ules  size  and  distance  have  been  found  to  vary  with  anneal¬ 
ing  conditions.^  It  is  apparent  that  the  oscillatory  behavior  of 
B  with  is  due  to  the  variation  of  film  microstructure.  And 
the  dependence  of  0on  is  related  to  RKKY  interactions  in 
the  solids.  The  detailed  studies  of  magnetic  ordering  below 
LHe-temperature  are  underway. 

In  summary,  we  have  synthesized  Gd/Cu  composite 
metal  films  with  nanometer  sizes  of  Gd.  The  ability  to  con¬ 
trol  the  size  of  Gd  granules  has  been  demonstrated.  And  the 
annealing  effects  on  magnetic  properties  have  been  deter¬ 
mined. 

This  work  is  supported  by  National  Science  Council  of 
ROC  under  Grant  No.  NSC82-0208-M002-067. 
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In  this  paper  we  establish  a  model  explaining  the  experimentally  observed  anomalous  enhanced 
coercivity  of  granular  magnetic  solids  and  thin  films  or  multilayers  that  have  pinned  surface 
magnetic  moments.  We  also  predict  a  normalized  critical  length  for  the  material,  above  which  the 
magnetic  reversal  mechanism  is  coercive  and  below  which  it  occurs  by  a  switching  mode  which  is 
non-energy  dissipative.  The  model  used  assumes  a  dependence  of  the  magnetization  along  the  small 
dimension  of  the  granule  or  the  depth  of  the  layer.  The  contribution  of  the  exchange  term  is  obtained 
using  the  Landau  semi-classical  formalism,  and  thus  we  do  away  with  the  mean  field  approximation. 
The  coercivity  is  defined  in  such  a  manner  as  to  retain  its  nonreversible  nature.  Results  are  presented 
in  dimensionless  units.  When  applied  to  cobalt  and  iron,  they  show  coercivities  larger  than  the 
theoretical  maximum  obtainable  without  pinning  in  accord  with  experimental  data. 


The  magnetic  properties  of  thin  films  and  multilayers 
bounded  by  oxidizing  layers  and  of  small  metal  granules 
embedded  in  an  immiscible  medium  which  may  be  insulat¬ 
ing  (i.e.,  iron  and  cobalt  in  Si02,  AI2O3,  etc.),  are  currently 
active  fields.'"^  At  sizes  and  packing  fractions  sufficiently 
small  to  exhibit  single  domain  behavior  and  isolation  of  one 
granule  fi'om  the  other,  the  materials  show  coercivities  con¬ 
siderably  in  excess  of  the  zero  temperature  rotational  coer¬ 
civity  due  to  crystalline  anisotropy,  (i.e.,  2K/M).  Micromag- 
netic  calculations'*  and  further  experimental  studies^  on 
passivated  y-Fe203  particles  have  shown  that  the  thickness 
and  magnetic  state  of  the  surrounding  oxide  surface  affects 
the  coercivity.  In  this  paper,  we  show  that,  when  the  surface 
atoms  of  these  granules  or  layers  have  their  magnetization 
pinned  to  the  strong-bonding  insulating  matrix  either  through 
surface  stress  or  some  form  of  exchange  coupling,  such  en¬ 
hanced  coercivity  is  predictable. 

We  consider  a  ferromagnetic  material  of  length,  L,  along 
the  X  axis  in  the  presence  of  an  external  uniform  magnetic 
field  in  the  negative  Z  direction.  The  angle  of  magnetization, 
6,  is  in  the  YZ  plane  and  is  assumed  to  vary  as  a  function  of 
X  only.  Further,  we  assume  that  the  magnetic  moments  at  the 
ends  or  surface  of  the  material  (A’=0  and  L)  are  rigidly 
pinned  such  that  they  point  in  the  +Z  direction  due  either  to 
very  large  stresses  such  as  in  the  granular  Fe-Si02  systems*’^ 
or  to  surface  exchange  pinning  as  in  multilayers. 

The  exchange  field  is  utilized  in  the  semiclassical  form 
originally  proposed  by  Landau.  Our  calculation,  being  done 
at  0  K,  we  do  not  consider  superparamagnetism  in  our 
model,  and  one  must  be  careful  with  the  interpretation  of  our 
work  for  lengths  less  than  about  200  A.  We  note  that  we 
could  have  done  a  three  dimensional  calculation  for  the 
sphere  including  temperature  variation  using  mean  field 
theory®’®  for  the  exchange  Hamiltonian.  However,  mean  field 
theory  tends  to  falsely  mask  the  effect  of  spin  correlations 
and  thus  fluctuations  while,  at  the  same  time,  giving  an  arti¬ 
ficial  dependence  of  the  coercivity  on  the  exchange  energy. 
Although  valid  for  the  coercivity  in  those  cases  where  the 
efi^ect  of  surface  pinning  is  small  and  the  magnetization  ro¬ 
tates  in  a  coherent  fashion,®  the  mean  field  approximation 


would  clearly  be  in  contradiction  with  the  geometry  of  our 
problem  (the  average  magnetization  not  staying  parallel  to 
the  Z  axis). 

We  note  that  the  symmetry  imposed  implies  that  the  di¬ 
rection  of  magnetization  at  the  midpoint,  ^=1/2,  is  a  maxi¬ 
mum,  and  it  suffices  to  consider  only  the  region  0<A' 
<1/2.  Our  energy  per  cross  sectional  area  is 

fi/2 

E=2  [A(d0/<ix)^+K  sinH0-&)  +  27rNM^  sin^  0 

Jo 

-HM  cos  0]dx.  (1) 

The  extremum  energy  path  is  determined  from  the 
Lagrange-Euler  equation, 

-2A{d^dldx^)+K  sin  2id-&)  +  2TTNM^  sin  20 

+MH  sin  0=0.  (2) 

A  first  integral  is  easily  obtained,  which,  upon  imposing  the 
boundary  conditions  at  x=LI2,  yields 

L/Lo=|  ^"[cos  2(0„-0')-cos  2(0-0') 

Jo 

+  /i'(cos  0„-cos  0)]“*'^  d0,  (3) 

where  the  effective  anisotropy  constant,  normalized  external 
field,  and  anisotropy  angle,  in  the  presence  of  demagnetiza¬ 
tion,  are  given  by 

K'  =  [i2TTNM^+K  cos  2Q)^+K^  sin^  20]*^^  (4a) 

h'  =  2HMIK',  (4b) 

tan  20' =A:  sin  2@/{2TrNM^+K  cos  20),  (4c) 

and  where  Lq={2AIK'Y'^.  Note  that  these  terms  revert  to 
unprimed  parameters  in  the  absence  of  such  demagnetiza¬ 
tion.  We  shall  now  drop  the  primes,  remembering  that  our 
values  for  K,  h,  and  0  can  always  be  converted  to  include 
the  demagnetization  energy  by  use  of  Eq.  (4).  Inasmuch  as, 
for  a  given  material,  L/Lq  and  0  have  fixed  values,  the  ex¬ 
istence  of  a  Lagrange-Euler  path  is  dependent  on  the  values 
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FIG.  1.  Reduced  sample  length,  LILf,  vs  6„ ,  the  maximum  angle  of  mag¬ 
netization.  The  anisotropy  angle  is  45°  and  the  reduced  external  field 
h=2HMIK. 


of  the  two  parameters,  h  and  d„ ,  in  the  integral.  The  integral 
in  Eq.  (3)  is  computed  numerically,  and  the  results  are  dis¬ 
cussed  in  the  next  section. 

The  various  behaviors  of  the  materials  under  consider¬ 
ation  can  be  understood  from  studying  Fig.  1  where  the  an¬ 
isotropy  angle  0  has  for  illustrative  purposes  been  placed 
equal  to  45°.  Each  6„  corresponds  to  a  unique  and  well  de¬ 
fined  configuration  of  moments  characterized  by  their  corre¬ 
sponding  length  L/Lq.  We  note  that  there  exists  regions  of 
forbidden  d„’s  (corresponding  to  values  of  8„  leading  to 
negative  square  roots  in  the  distance  integral).  For  0>h 
>  -2,  there  exists  two  such  regions — one  for  large  d„(6„> 
about  240°  and  indicated  with  zeros  in  Fig.  1) — and  the  other 
with  6„  centered  at  approximately  100°.  As  h  increases  from 
zero  to  -2  in  the  negative  Z  direction,  this  second  forbidden 
region  of  6„'s  yields  to  a  local  maximum  which  in  turn  dis¬ 
appears  completely  at  the  critical  field  of  -3.67,  [cor¬ 
responding  to  a  critical  length,  {LIL^^  equal  to  2.05  at  a 

of  133°],  and  leaves  L/Lq  as  a  monotonically  increasing 
function  of  d„ .  Increasing  h  past  this  value  does  not  change 
the  general  shape  of  the  plot.  Also,  materials  of  an  arbitrarily 
large  length  will  always  have  at  least  one  stable  configura¬ 
tion  by  choosing  d„  close  enough  to  the  singularities  of  the 
integral. 

(1)  Materials  with  lengths  LILo>(LILo)c  ■'  For  these  ma¬ 
terials,  Fig.  1  shows  that  the  number  of  possible  configura¬ 
tions  depends  on  the  value  of  the  external  field  parameter  h. 
For  h  small  enough  (e.g.,  absolute  h  less  than  2.5  for  a  ma¬ 
terial  whose  I /Z,  0-3.2),  there  exists  three  Lagrange-Euler 
configurations  that  optimize  the  energy:  these  correspond  to 
three  maximum  angles,  8„,i,  d„2t  and  (where 
6m\<  ^ms)-  Of  ‘^ese,  however,  only  and  d„3  mini¬ 

mize  the  energy.  {8„2  maximizes  the  energy.)  As  h  increases 
negatively,  two  of  the  configurations  coalesce  and  disappear 
leaving  only  6„2  as  an  allowed  configuration. 

Starting  from  a  saturation  of  the  magnetization  by  a 
strong  field  initially  in  the  positive  Z  direction,  let  us  con¬ 
sider  what  happens  when  that  field  is  turned  off  and  then 
made  to  increase  in  the  negative  Z  direction.  For  h  still  small 
(but  now  pointing  in  the  negative  Z  direction)  the  moments 
relax  to  the  nearest  minimum  and  occupy  a  configuration 
defined  by  d„i  corresponding  to  a  net  positive  magnetiza¬ 
tion,  (e.g.,  for  LILq=3.2  and  h=-2,  ^„i=75°).  As  the 


FIG.  2.  Plot  of  reduced  coercivity  as  a  function  of  reduced  sample  length  for 
anisotropy  angles,  15°,  30°,  45°,  and  60°. 


field  increases  in  the  negative  Z  direction,  the  moments  stay 
trapped  initially  in  the  configuration  while  it  remains  a 
secondary  minimum  of  energy.  Coincidently,  the  energy 
minimum  of  the  ®m3  configuration  deepens.  There  exists  a 
field  reached  wherein  and  ^m2  coalesce  and  the  associ¬ 
ated  configuration  minimum  and  maximum  disappear.  (In 
our  example  of  L/Lo=3.2,  this  field  is  given  in  Fig.  1  as 
-2.5.)  Since  d„i  is  no  longer  a  valid  maximum  angle  of  a 
stable  configuration,  the  moments  are  forced  to  rotate  to  the 
lower  hemisphere  in  a  nonreversible  fashion.  Thus,  we  are 
justified  in  calling  this  the  coercive  field,  Acocrc-  The  value  of 
hcocK  is  determined  uniquely  by  the  value  L/Lo,  the  normal¬ 
ized  length  of  the  given  material. 

Depending  on  the  material,  the  energy  thus  released 
could  overcome  the  surface  pinning,  leading  to  an  equilib¬ 
rium  configuration  in  the  lower  hemisphere,  opposite  from 
the  initial  configuration,  with  moments  pinned  along  -Z.  In 
this  case,  the  symmetry  of  the  problem  would  clearly  yield  a 
symmetrical  hysteresis  loop.  If  the  energy  available  is  not 
sufficient  to  overcome  the  pinning,  then  the  moments  simply 
rotate  (still  in  a  nonreversible  way,  of  course)  to  the  ®m3 
configuration  leading  to  a  nonsymmetrical  hysteresis  for  this 
particular  set  of  boundary  conditions.  However,  we  should 
point  out  that,  in  actual  physical  situations  where  pinning  at 
the  surface  is  caused  by  stresses,  etc.,  there  are  granules  with 
surface  spins  pinned  “up”  and  there  are  granules  with  sur¬ 
face  spins  pinned  “down,”  and  therefore  on  the  average  the 
hysteresis  loop  is  symmetrical.  Thus,  except  in  special  cir¬ 
cumstances,  we  should  not  expect  to  see  this  asymmetry. 

Figure  2  shows  the  normalized  coercive  field  as  a  func¬ 
tion  of  the  normalized  length  for  several  different  anisotropy 
angles.  With  increased  length,  the  moments  have  room  to 
rotate  against  the  exchange  and  thus  h^otK  ‘s  a  decreasing 
function  of  length. 

(2)  Switching  behavior  for  materials  with  LILo<{LILofic- 
For  this  range  of  lengths,  the  combination  of  pinned  mo¬ 
ments  at  the  surface  and  short  distances  prevents  the  exist¬ 
ence  of  two  minima.  Thus,  for  a  given  h,  there  exists  a 
unique  Lagrange-Euler  path  of  magnetization  angles  from  0 
to  6„,  i.e.,  the  quantity  is  a  single  valued  function  of  h. 
As  the  h  field  is  decreased  from  a  positive  value  to  zero  and 
then  increased  in  the  negative  Z  direction,  0„  remains  a 
stable  configuration  and  increases  continuously,  eventually 
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FIG.  3.  Reduced  switching  field  as  a  function  of  LILq  at  0=45°. 


bringing  the  average  magnetization  of  the  materials  towards 
the  negative  Z  axis.  We  define  the  switching  field,  /ts^^ ,  as  the 
field  necessary  to  bring  to  a  value  of  135°  which  will 
bring  the  magnetization  of  the  material  to  approximately 
zero.  Assuming  that  the  end  moments  stay  pinned,  the  pro¬ 
cess  is  reversible  and  the  "hysteresis”  curve  has  a  vanishing 
enclosed  area.  This  behavior  justifies  calling  a  switching 
field  rather  than  a  coercive  field.  (One  should  remark  that  a 
coercive  behavior  of  materials  with  lengths  in  this  range 
could  be  achieved  by  assuming  a  breakdown  of  the  surface 
pinning  of  the  moments.)  Figure  3  is  a  plot  of  the  switching 
fields  versus  the  reduced  length  for  the  specific  example 
0=45°. 

To  illustrate  further  the  dependence  on  the  anisotropy 
angle,  we  have  graphed  in  Fig.  4  the  critical  length,  (i/io)c  > 
as  a  function  of  the  anisotropy  angle.  We  note  that  our  curve 
separates  the  space  into  two  regions.  As  the  anisotropy  angle 
approaches  0°,  i.e.,  as  the  anisotropy  direction  becomes  par¬ 
allel  to  the  direction  of  the  applied  external  field  and  that  of 
the  pinned  magnetic  moments  at  the  surface,  (L/Io)c 
comes  very  small  and  the  coercivity  mechanism  dominates 
for  practically  all  lengths.  The  reverse  situation  occurs  as  the 
anisotropy  angle  approaches  90°.  Thus,  in  a  sense,  this  curve 


ANISOTROPY  ANGLE  (degrees) 


FIG.  4.  Critical  sample  length  as  a  function  of  anisotropy  angle  showing  the 
regions  of  different  magnetic  revet  sal  mechanism. 


represents  a  “phase  transition”  with  respect  to  energy  dissi¬ 
pation,  and  to  the  best  of  our  knowledge  is  the  first  time  that 
any  quantitative  representation  of  this  phenomenon  has  been 
given,  (although  the  concept  of  a  switching  mode  and  the 
absence  of  hysteresis  loops  for  this  mode  was  pointed  out  by 
Gota  et  al.,  in  1965®).  Of  course,  one  must  apply  caveats  to 
our  result  such  as  that  the  surface  moments  remain  pinned 
during  the  reversal  process,  that  there  are  no  material  inho¬ 
mogeneities  nor  acoustic  emission  to  yield  energy  dissipa¬ 
tion,  etc. 

We  apply  our  results  to  iron  and  cobalt,  (using  0=45°). 
For  iron  they  show  coercivities  larger  than  the  theoretical 
maximum  without  pinning,  i.e.,  larger  than  the  anisotropy 
field.  For  a  length  of  800  A  we  obtain  a  coercivity  of  ~400 
Oe.  At  smaller  lengths,  we  are  in  the  switching  field  regime. 
At  L=500  A,  the  switching  field  is  ~590  Oe,  while  at 
L=200  A,  the  switching  field  increases  to  ~3500  Oe.  The 
coercivity  of  cobalt  gives  higher  values.  For  a  length  of  450 
A,  the  coercivity  is  ~3900  Oe,  while  at  L  =  150  A  the 
switching  field  is  ~11  000  Oe.  Fields  larger  than  the  anisot¬ 
ropy  fields  have  similarly  been  observed  experimentally  in 
these  materials  though  it  is  difficult  to  compare  the  actual 
values  due  to  indefinite  information  regarding  the  particle 
dimensions  in  these  experiments. 

Further,  we  must  consider  the  experimental  dependence 
of  the  coercivity  on  the  size  of  the  granules.  These  experi¬ 
ments  show  an  increase  in  Fe75(Si02)25  from  1500  to  3000 
Oe  as  the  substrate  temperature  is  increased  from  about  300 
to  800  K,  and  then  a  rapid  drop  beyond  this.''"  (Increasing 
substrate  temperature  is  correlated  with  increasing  granule 
size.)  We  attribute  the  initial  increase  in  coercivity  to  the 
change  from  superparamagnetism  to  ferromagnetism — or,  to 
place  it  in  context  with  our  work,  we  attribute  our  continued 
rise  in  coercivity,  as  the  length  continues  to  decrease,  to  the 
fact  that  our  model  does  not  contain  the  effect  of  temperature 
fluctuations — our  calculations  being  done  at  0  l\. 

The  difference  in  our  results  compared  to  those  of 
Schabes  and  Bertram'’  is  of  course  attributable  to  our  restric¬ 
tion  to  a  one  dimensional  functional  dependence  of  the  mag¬ 
netization  angle  and  thus  the  absence  of  multidimensional 
demagnetization  effects  such  as  flower  states,  etc.  Another 
major  factor  is  the  difference  in  boundary  conditions.  We 
have  assumed  that  stresses  and  exchange  fields  have  pinned 
our  surface  states  such  that  their  directions  of  magnetization 
are  fixed. 
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Exchange  interactions  among  ferromagnetic  clusters  in  Cu-Co 
heterogeneous  aiioy  films  (abstract) 
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F.  T.  Parker.and  D.  Rao 
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Sputtered  thin  films  of  Cu-Co  contain  ferromagnetic  clusters,  even  in  the  as-deposited  condition, 
due  to  the  immiscibility  of  Co  and  Cu.  This  structural  heterogeneity  is  indicated  by  diffraction  data, 
transport  properties,  and  strongly  temperature  dependent  magnetization  and  hysteresis  behavior.  In 
addition,  these  films  exhibit  some  unusual  properties  that  suggest  the  existence  of  both  strong 
intercluster  ferromagnetic  exchange  interactions  and  features  usually  associated  with  an  exchange 
anisotropy  coupling  of  ferromagnetic  and  antiferromagnetic  materials.  Some  of  these  properties  are 
(a)  field-cooled  samples  exhibit  strongly  shifted  hysteresis  loops  in  measuring  fields  of  7  T,  (b) 
coercive  force  depends  on  the  magnitude  of  the  cooling  field,  (c)  initial  susceptibility  measurements 
given  an  interparticle  ordering  temperature  >100  K,  (d)  Curie- Weiss  analysis  above  the 
interparticle  ordering  temperatures  indicates  cluster  sizes,  of  a  few  nm  and  interparticle  molecular 
fields  «=10  T,  (e)  fitting  the  magnetization  curves  with  a  Langevin  analysis  above  the  interparticle 
ordering  temperatures  yields  similar  cluster  sizes  and  molecular  fields.  Thus,  the  films  exhibit 
behavior  associated  with  both  “micromagnetism”*  and  “superferromagnetism”.^  We  shall  discuss 
our  attempts  to  model  this  behavior  in  a  consistent  manner. 
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Ferromagnetic  resonance  studies  of  granular  materials  (abstract) 
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We  have  investigated  the  ferromagnetic  resonance  (FMR)  spectra  of  several  granular  alloys 
displaying  giant  magnetoresistance  (GMR).  For  this  task,  we  have  produced  melt-spup  ribbons  of 
FesCoisCugo  and  C020CU80  by  rapid  quenching  and  thin  films  of  CogoCu2o  by  pulsed  laser 
deposition.  The  salient  feature  of  the  FMR  spectra  is  the  increase  of  the  resonance  linewidth  as  a 
function  of  increasing  annealing  temperature.  We  have  deconvoluted  the  FMR  spectra  to  a 
single-domain  powder  pattern  and  a  multidomain  powder  pattern.  As  a  function  of  annealing 
temperature,  the  GMR  of  these  samples  attains  a  maximum  value.  Near  the  peak  of  the  GMR  curve, 
the  FMR  spectrum  reveals  that  the  ferromagnetic  particles  are  half  mono-  and  half  multidomain. 
Since  the  maximum  size  of  a  single-domain  particle  is  known,  this  enables  us  to  estimate  the  spin 
diffusion  Ic.ngth  of  the  Cu  conduction  electrons.  We  have  also  demonstrated,  theoretically  and 
experimentally,  that  the  appropriate  demagnetizing  field  to  apply  to  the  ensemble  of  spherical 
magnetic  particles  that  comprise  our  granular  thin  film  is  simply  the  field  corresponding  to  the 
average  magnetization. 
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Magnetic  properties  of  cobalt  clusters  deposited  on  MgO  substrates 
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Laboratoire  de  Physique  des  Solides,  Universite  ParisSud,  91405  Orsay  Cedex,  France 

B.  Bellamy  and  A.  Masson 

Laboratoire  de  Physico-Chimie  des  Surfaces,  ENSCP 11,  rue  Pierre  et  Marie  Curie,  Paris,  France 

We  report  on  the  preparation  and  characterization  of  clusters  of  Co  deposited  on  MgO(OOl)  and 
MgO(llO)  substrates.  The  preparation  is  by  cell  evaporation  in  ultrahigh  vacuum.  The  size  of  the 
clusters  is  controlled  by  the  substrate  temperature  and  deposition  rate  or,  after  deposition,  by 
annealing.  This  results  in  clusters  with  diameters  '«100-1500  A  and  heights  *“30-200  A.  The 
characterization  is  by  Rutherford  backscattering,  photoemission  spectroscopy,  and  atomic  force 
microscopy.  The  magnetic  properties  have  be-’-n  avestigated  by  SQUID  magnetometry.  Depending 
on  the  size  of  the  clusters,  we  have  observed  superparamagnetic  or  fenomagnetic  behaviors.  When 
the  cluster  diameter  is  much  smaller  than  its  height,  the  magnetization  is  much  easier  for  in-plane 
fields,  due  to  the  demagnetization  energy.  In  some  of  the  samples,  we  have  combined  clusters  of  Co 
and  nonmagnetic  Ag,  with  sufficient  density  for  metallic  percolation,  and  we  present  their 
magnetoresistance  properties. 
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The  interparticle  interactions  of  hcp-Co  particles  embedded  in  silica  (Si02)  and  boron  nitride  (BN) 
matrices  have  been  studied  via  isothermal  remanence  curve  measurements.  The  films  were  prepared 
by  a  combination  of  dc/rf  magnetron  sputtering.  The  strength  of  the  interaction  fields  was  varied  as 
a  function  of  metal  content  (x„)  and  temperature.  The  average  particle  size  was  kept  below  10  nm 
for  all  the  samples  investigated.  The  volumetric  fraction  of  Co  was  varied  between  0.035  and  0.66. 
Henkel  plots'  (normalized  M,  vs  Mj  plots)  showed  that  in  hep  granular  Co  the  interactions  are 
negative,  i.e.,  they  have  the  tendency  to  destabilize  the  saturation  state.  Switching  field  distribution 
(SFD)  plots  showed  a  decreased  width  with  increasing  and  temperature.  In  the  low  metal  volume 
fraction  specimens,  magnetizing  and  demagnetizing  SFD  curves  indicate  that  the  dominant 
interactions  are  dipolar  in  origin  due  to  the  fact  that  they  nearly  overlap.  However,  as  increases, 
the  presence  of  exchange  interactions  is  also  evident.  A  detailed  discussion  of  these  studies  will  be 
presented  in  an  effort  to  determine  the  interaction  mechanisms  controlling  the  magnetic  behavior  of 
these  films  as  compared  to  existing  theoretical  models.^’^ 


Work  was  supported  by  NSF  DMR-8917028. 
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Investigation  of  the  microstructure  of  granular  Ag-Fe  and  Ag-Co  thin 
films  by  TEM  and  STEM  (abstract) 

Z.  G.  Li 

DuPont  Company,  P.O.  Box  80356,  Wilmington,  Delaware  19880-0356 

H.  Wan 

Department  of  Physics,  University  of  Delaware,  Newark,  Delaware  19716 

J.  Liu 

CSSS,  Arizona  State  University,  Tempe,  Arizona  85287 

T.  Tsoukatos  and  G.  C.  Hadjipanayis 

Department  of  Physics,  University  of  Delaware,  Newark,  Delaware  19716 

Giant  magrietoresistance  (GMR)  at  room  temperature  was  found  in  granular  thin  films  such  as 
Co-Cu,  Fe-Ag,  Co-Ag,  etc.,  which  has  stimulated  intense  research  activity.  It  is  still  unclear  whether 
the  as-deposited  Ag-rich  (75%-90%)  thin  films  are  an  alloy  or  are  two  separate  phases.  We  have 
investigated  the  microstructure  of  granular  Ag-Fe  and  Ag-Co  thin  films  by  atomic  resolution 
transmission  electron  microscopy  (TEM)  and  nanochemical  analysis  scanning  transmission  electron 
microscopy  (STEM).  Transition  metal  particles  with  a  size  of  less  than  1.5  nm  in  the  as-deposited 
granular  Ag-rich  thin  films  were  directly  observed  and  were  separated  by  the  nanosize  of  Ag 
particles.  The  structure  of  the  as-deposited  thin  films  was  metastable,  and  it  changed  by  annealing. 

The  GMR  strongly  depends  on  the  nanostructure  in  the  films,  and  their  relationship  will  be 
discussed. 
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Hard  Magnets  II,  2-14-1, 
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Resonant  ultrasound  measurements  of  elastic  constants  In  melt-spun 
R2Fei4B  compounds  (R=Ce,  Pr,  Nd,  Er) 

C.  D.  Fuerst  and  J.  F.  Herbst 

Physics  Department,  General  Motors  NAO  Research  and  Development  Center,  30500  Mound  Road, 

Warren,  Michigan  48090-9055 

J.  L  Sarrao  and  A.  Migliori 

Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  87545 

Measurements  are  reported  of  the  longitudinal  and  transverse  elastic  moduli  of  the  R2Fej4B 
compounds  having  rare-earth  component  R=Ce,  Pr,  Nd,  and  Er.  A  resonant  ultrasound  technique 
was  used  to  determine  the  elastic  constants  on  hot-pressed,  melt-spun  samples  which  are  essentially 
isotropic,  polycrystalline  specimens  of  the  four  compounds.  The  results  for  Nd2Fei4B,  which  agree 
well  with  previous  studies,  and  Er2Fei4B  exhibit  clear  signatures  of  the  spin  reorientations  which 
occur  in  those  compounds.  No  such  signature  appears  in  the  data  for  Pr2Fej4B,  consistent  with  the 
fact  that  no  spin  reorientation  occurs  in  that  material.  The  ultrasonic  attenuation  of  each  sample  has 
also  been  measured  and  it  has  been  found  that  it  shows  features  in  the  vicinity  of  spin  reorientations 
(Nd2Fei4B,  Er2Fei4B)  and  the  Curie  point  (Ce2Fe,4B). 


Numerous  scientific  investigations  have  centered  on  the 
structural  and  magnetic  characteristics  of  the  tetragonal 
R2Fei4B  compounds  (Rsrare  earth)  since  the  prototypical 
representative,  Nd2Fei4B,  is  the  essential  constituent  of  the 
most  powerful  permanent  magnets  yet  developed.*  The  elas¬ 
tic  properties  of  the  R2Fei4B  materials  have  received  much 
less  attention.  Dadon  et  al?  determined  the  Young  modulus, 
shear  modulus,  and  adiabatic  compressibility  of  polycrystal¬ 
line  Nd2Fei4B  from  sound  velocity  measurements  between 
77  and  300  K.  Shiga  et  al?  measured  the  longitudinal  and 
transverse  moduli  of  Y2Fei4B  and  Nd2Fei4B  from  4  K  to  the 
Curie  temperature  T^,  employing  sintered  samples  with 
highly  aligned  c-axes. 

Using  a  novel  resonant  ultrasound  spectroscopy  (RUS) 
technique,'*  we  have  determined,  and  here  report,  longitudi¬ 
nal  and  transverse  elastic  constants  and  ultrasonic  attenuation 
coefficients  as  functions  of  temperature  for  polycrystalline 
samples  of  four  R2Fei4B  compounds:  Pr2Fej4B  and 
Nd2Fei4B  (100-200  K),  ErzEe^B  (300-350  K),  and 
C.2Fei4B  (400-450  K).  For  the  Nd,  Er,  and  Ce  materials  the 
temperature  intervals  were  chosen  to  include  the  two  types  of 
spin  reorientation  observed  in  the  R2Fei4B  series  and  a  Curie 
point  transition.  As  T  decreases  through  T^sMO  K  the  easy 
direction  of  magnetization  in  Nd2Fei4B  gradually  cants  away 
from  the  c  axis  toward  a  (110)  basal  plane  direction  by  an 
angle  9  which  increases  to  a  maximum  of  ^30°  at  4  K;  a 
similar  transition  occurs  in  Ho2Fei4B  K).  In 

Er2Fei4B  the  easy  direction  abruptly  changes  from  a  (100) 
basal-plane  direction  below  T,=323  K  to  a  (001)  direction 
above  T,;  analogous  spin  reorientations  take  place  in 
Tm2Fe,4B  (7’j~313  K)  and  YbzFcnB  (r,~115  K).  The  Cu¬ 
rie  temperature  of  Ce2Fe,4B  is  f(,=424  K. 

Samples  for  this  study  were  prepared  by  hot-pressing 
melt-spun  R-Fe-B  ribbons.®*’  The  RUS  method  is  described 
elsewhere."* 


Values  of  the  Ci  (longitudinal)  and  Cy  (transverse,  or 
shear)  elastic  constants  for  Pr2Fej4B  and  Nd2Fei4B  in  the 
100-200  K  temperature  interval  are  compared  in  Fig.  1.  It  is 
evident  that  (i)  Pr2Fei4B  is  approximately  4%  softer  than 
Nd2Fei4B  and  (ii)  the  moduli  for  the  Nd  compound,  espe¬ 
cially  Cy,  exhibit  anomalous  behavior  in  the  vicinity  of  the 


FIG.  1.  (a)  Lx>ngitudinal  and  (b)  transverse  elastic  constants  of  PraFe^  B  and 
Nd2Fe,4B  in  the  100-200  K  temperature  range. 
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FIG.  2,  (a)  Longitudinal  and  (b)  transverse  elastic  constants  of  ErjFe^B  in 
the  300-350  K  temperature  range. 


FIG.  3.  (a)  Longitudinal  and  (b)  transverse  elastic  consiants  of  Cc2Fei4B  in 
the  400-460  K  temperature  range. 


Temperature  (K) 

100  150  200 


FIG.  4.  Ultrasonic  attenuation  coefficients  a  of  (a)  Pr2Fci4B,  Nd2Fe,4B  and 
(b)  Ce2Fe,4B,  Er2Fe|4B.  a  is  proportional  to  MQ,  where  g  of  a  specific 
resonance  is  its  center  frequency  divided  by  its  full  width  at  half-maximum. 


spin  reorientation  temperature  rj=140  K.  Our  results  depart 
by  at  most  3%  from  previous  work  on  Nd2Fei4B.^’^  Since 
Pr2Fei4B  and  Nd2Fej4B  are  dissimilar  only  insofar  as  the 
latter  exhibits  moment  canting  with  an  onset  at  T,,  we  can 
conclude  unambiguously  that  the  anomalies  in  the  Nd2Fei4B 
results  of  Fig.  1  are  associated  intimately  with  the  spin  reori¬ 
entation. 

Detailed  analysis  of  anomalies  such  as  those  in  and 
Cf  of  Nd2Fei4B  near  T,  must  await  single-crystal  measure¬ 
ments,  but  we  can  make  some  qualiti  tive  observations.  The 
relatively  strong  feature  in  Cj-  (Nd2Fei4B)  suggests  signifi- 
vant  magnetoelastic  interaction  between  transverse  waves 
and  the  order  parameter  6  for  the  anisotropy-driven  second- 
order  spin  reorientation  transition.  Since  ci=K+Acil'i  for 


TABLE  I.  Values  of  the  elastic  constants  c„  conespondi'.ig  sound  velocities 
v„  and  densities  p  of  the  specified  R2Fe,4B  compounds  at  300  K  {c=pv}). 


Compound 

P 

(gm/cm^) 

Ci 

(GPa) 

Vl 

(10*  cm/s) 

Cf 

(GPa) 

Vl 

(10*  cm/s) 

Ce2Fei4B 

7.60 

161.1 

4.60 

56.3 

2.72 

Pr7Fc,4B 

7.36 

179.2 

4.93 

58.4 

2.82 

NdjFenB 

7.57 

188.5 

4.99 

62.0 

2.86 

Er2Fei4B 

8.11 

193.8 

4,89 

65.1 

7  83 
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an  isotropic  polycrystal,  where  Kis  the  bulk  modulus,  the 
smaller  feature  in  Ci  (Nd2Fei4B)  observed  here  likely  reflects 
anomalies  in  the  longitudinal  as  well  as  the  transverse  single¬ 
crystal  elastic  constants.  Analyses  of  single-crystal  experi¬ 
ments  on  orthorhombic  ferrites  such  as  ErFe03  and  TmFe03, 
which  are  a*'  characterized  by  rotation  of  the  moment  in  a 
plane,  have  ■  .monstrated  that  magnetoelastic  couplings  qua¬ 
dratic  in  0  can  generate  step  discontinuities  and  couplings 
linear  in  6  can  lead  to  softening  of  elastic  modes.®’’  We  ex¬ 
pect  similar  couplings  for  Nd2Fei4B  and  the  other  R2Fei4B 
systems  exhibiting  spin  reorientations,  but  with  differences 
introduced  by  the  form  of  the  anisotropy  energy  for  tetrago¬ 
nal  lattice  symmetry  and  the  specifics  of  the  moment  con¬ 
figuration.  Moreover,  a  change  in  the  magnitude  of  the  iron 
moment  yupe  may  be  involved;  from  anomalies  in  the  linear 
and  volume  magnetostriction  Andreev  etal}^  inferred  a 
2%-3%  decrease  in  /ipj  of  Nd2Fei4B  in  the  spin  reorienta¬ 
tion  region. 

In  contrast  to  the  Nd2Fei4B  results,  Cj-  undergoes  larger 
excursion  than  Cp  in  the  neighborhood  of  for  the 
{001)<->(100)  spin  reorientation  in  Er2Fei4B  (Fig.  2).  Further¬ 
more,  with  declining  temperature  Ci  (Er2Fei4B)  in  Fig.  2 
shows  a  decrease  beginning  near  325  K  and  a  subsequent 
increase  near  310  K  with  recovery  to  the  linear  contribution 
which  is  evident  from  extrapolation  of  the  7>330  K  mea¬ 
surements;  only  a  single  peak  at  7^=323  K  appears  in  our 
DSC  data.  These  features  resemble  the  single-crystal  analogs 
observed  by  Gorodetsky  and  Luthi®  in  ErFe03,  wholse  mag¬ 
netization  rotates  from  the  (orthorhombic)  c-axis  completely 
into  the  a  direction  on  cooling.  The  elastic  constants  of 
ErFe03  (and  TmFe03,  in  which  the  rotation  is  from  the  a  to 
the  c  direction  on  cooling)  are  anomalous  at  temperatures  Tj 
and  T2  conesponding  to  the  onset  and  the  completion  of  the 
spin  reorientation,®’’  and  on  the  basis  of  Landau-type  free- 
energy  considerations  two  second-order  phase  transitions, 
one  at  Tj  and  another  at  T2  are  to  be  expected."  Our  results 
indicate  that  analogous  behavior  occurs  in  Er2Fei4B,  ex¬ 
hibiting,  over  a  linear  background,  a  step  down  at  ~325  K 
and  a  step  up  at  ~310  K  which  are  smeared  by  polycrystal¬ 
line  effects;  i.e.,  two  second-order  phase  transitions,  sepa¬ 
rated  by  only  ~15  K,  characterize  the  spin  reorientation. 
This  suggestion  departs  from  the  prevailing  opinion  in  the 
literature,  based  on  magnetization  and  other  measurements, 
that  one  transition  is  involved  and  calls  strongly  for  further 
single-crystal  work  on  Er2Fej4B. 

Only  one  second-order  transition  takes  place  near  T,  in 
Nd2Fei4B,  whose  spin  reorientation  is  not  completed  in  a 
symmetry  direction.  In  this  respect  Nd2Fei4B  resembles  el¬ 
emental  gadolinium,  the  elastic  properties  of  which  also  ex¬ 
hibit  one  anomaly  in  the  region  of  its  similarly  incomplete 
spin  reorientation."’’^  It  is  clear  from  Fig.  I  that  Cj- 
(Nd2Fei4B)  shows  a  single  step  down  as  T  decreases  through 
Tf  and  does  not  recover  to  the  linear  behavior  for  T>  T^. 

Figure  3  displays  our  results  for  Ce2Fei4B  in  the  400- 
460  K  interval  encompassing  T^=424  K.  A  very  large  soft¬ 
ening  of  Cl  occurs  as  the  temperature  decreases  through  T^, 
while  Cl  shows  a  much  smaller  decrease.  Essentially  identi¬ 
cal  Curie  temperature  anomalk  were  observed  by  Shiga 
et  al?  for  Y2Fei4B  and  Nd2Fei48,  although  the  moduli  of 


those  compounds  substantially  exceed  their  Ce2Fei4B  cog¬ 
nates.  The  softening  is  undoubtedly  associated  with  the  enor¬ 
mous  volume  magnetostriction  (~2%)  due  principally  to  the 
iron  sublattice  (which,  together  with  ordinary  thermal  expan¬ 
sion  in  the  paramagnetic  range,  generates  a  strong  Invar  ef¬ 
fect  in  the  R2Fei4B  compounds;  see,  e.g..  Ref.  10).  Shiga 
et  al}  have  advanced  a  thermodynamic  argument  in  support 
of  this  view  which  focuses  on  the  difference  between  the 
bulk  moduli  for  constant  applied  field  and  for  constant  mag¬ 
netization. 

The  attenuation  coefficient  extracted  from  a  given  reso¬ 
nance  can  also  display  anomalous  behavior  near  Tg  or  T^. 
Figure  4  shows  or  (J)  obtained  from  predominantly  shear- 
type  modes  in  each  of  the  four  samples.  In  the  100-200  K 
range  a  (Pr2Fei4B)  is  essentially  constant,  but  a  (Nd2Fei4B) 
increases  dramatically  with  decreasing  temperature  below  an 
onset  at  T^.  It  is  suggestive  that  a  (T)  for  Nd2Fei4B  strongly 
resembles  6(T),  the  canting  angle  between  the  magnetization 
direction  and  the  c  axis  as  a  function  of  temperature,  which 
has  been  measured  by,  among  others,  Tokuhara  etalP 
Somewhat  less  striking,  although  still  pronounced,  features 
are  evident  in  the  attenuation  coefficients  of  Er2Fei4B  and 
Ce2Fei4B  in  Fig.  4(b)  near  and  T^,  respectively. 

We  conclude  I  noting  an  interesting  hierarchy  which  is 
obeyed  by  the  moduli  at  300  K  and  which  we  conjecture  to 
persist  except  possibly  in  the  vicinity  of  magnetic  transitions. 
Table  I  lists  Cj  (i=i,r),  the  corresponding  sound  velocities 
Vi,  and  the  density  for  each  of  the  compounds  at  300  K.  It  is 
clear  that 

c,(Ce2Fe,4B)<Ci(Pr2Fei4B)<c,(Nd2Fe,4B) 

<c,(Er2Fei4B), 

so  that  both  the  longitudinal  and  transverse  elastic  constants 
of  these  compounds  have  the  same  order  as  the  atomic  num¬ 
bers  of  their  rare-earth  constituents,  despite  the  fact  that  the 
densities  and  sound  velocities  do  not. 

Work  at  Los  Alamos  performed  under  the  auspices  of  the 
U.  S.  DOE. 
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Comparison  of  the  improvement  of  thermai  stability  of  NdFeB  sintered 
mSghets:  intrinsic  and/or  microstructurai 

B.  M.  Ma,  W.  L.  Liu,  Y.  L.  Liang;  D.  W.  Scott,  and  C.  O.  Bounds 
Rhone-Poulenc  Basic  Chemicals,  CN  7500,  Cranbury,  New  Jersey  08512 

Temperature-dependent  magnetic  properties  of  nine  NdFeB  sintered  magnets  with  various  Co-Nb, 

Co-V,  or  Co-Mo  additions  have  been  measured  up  to  175  °C  using  both  closed-loop  and  open-circuit 
methods.  The  ineversible  loss  of  induction,  reversible  temperature  coefficient  of  induction  (a),  and 
temperature  coefficient  of  intrinsic  coercivity  ^  have  been  related  to  the  Tc ,  the  ,  and  the  i/cj  at 
25  and  175  "C.  The  irreversible  loss  of  induction  is  strongly  affected  by  the  at  25  °C  and  the  a 
has  been  found  to  be  strongly  dependent  upon  the  .  Intrinsic  coercivity  of  more  than  25  and  7.5 
kOe  at  25  and  175  °C,  respectively,  are  essential  to  bring  the  to  better  than  -0.5%/  °C.  A  magnet 
with  a  composition  of  Ndi2Dy3Fe7oCo5Nb2B8  has  been  found  to  exhibit  an  outstanding  thermal 
stability:  a  of  8.5  kG  (comparable  to  that  of  SmCos  sintered  magnet)  and  a  of  12.9  kOe  when 
measured  at  175  °C.  An  a;  of  -0.10%/  °C  and  a  yS  of  -0.4%/  ®C  have  been  obtained. 


I.  INTRODUCTION 

Potential  means  to  increase  the  useful  operating  tem¬ 
perature  of  NdFeB  magnets  include  raising  the  Curie  tem¬ 
perature  Tc  or  increasing  the  intrinsic  coercivity  at  25  °C. 
The  former  may  be  achieved  by  incorporating  Co  in  the  alloy 
at  the  cost  of  reduced  intrinsic  coercivity  and  the  latter  may 
be  obtained  by  including  Dy  into  the  alloy  at  the  cost  of 
decreased  maximum  energy  product  .  Recently,  incor¬ 
porating  V  or  Mo  into  magnets  containing  5  at.  %  Co  has 
been  reported  to  increase  the  intrinsic  coercivity  at  room 
temperature  and  to  improve  the  thermal  stability.*’^  Addition¬ 
ally,  the  microstructure  of  V-Co  or  Mo-Co-containing  sin¬ 
tered  magnets  has  been  drastically  modified.^"^ 

It  is  of  interest  to  compare  the  temperature-dependent 
properties  of  such  magnets,  using  both  open-  and  closed- 
circuit  measurements,  with  conventional  NdFeB  magnets. 
The  irreversible  loss  of  induction,  the  reversible  temperature 
coefficient  of  induction  (conventionally  known  as  a),  and  the 
temperature  coefficient  of  ifil)  of  NdFeB  magnets  are 
important  for  magnetic  circuit  design  and  are  often  reported 
in  the  literature.  However,  these  values  have  not  been  coop¬ 
eratively  related  to  the  more  fundamental  variables,  for  in¬ 
stance  Tc,  or  readily  measurable  magnetic  parameters,  i.e., 
the  remanence  or  the  Hc\  of  the  magnets. 

In  this  article  we  compare  the  thermal  stability  of  nine 
NdFeB  magnets  with  Co-Nb,  Co-V,  or  Co-Mo  additions  and 
report  their  magnetic  properties  over  a  temperature  range  of 
25-175  °C  with  an  attempt  to  relate  the  irreversible  loss  of 
induction,  a  and  /3  to  the  more  readily  measurable  magnetic 
properties:  Tc ,  B,  or  //<.; .  Additionally,  an  effort  was  made  to 
identify  a  composition  which  yields  a  B^  equivalent  to  that  of 
a  SmCo5  sintered  magnet  at  175  °C  and  maintains  a  Hd  of  at 
least  10  kOe  at  175  ®C  without  a  significant  irreversible  loss 
of  induction. 

II.  EXPERIMENT 

Magnets  used  in  this  study  were  prepared  from  conven¬ 
tionally  cast  ingots  using  classical  powder  metallurgy  tech¬ 
niques.  Ai'  alloys  were  cast  by  vacuum  induction  melting  via 
controlled  directional  .'Olidification.  The  cast  ingots  were 


then  hydrogen  decrepitated,  evacuated  to  2X 10”^  Torr,  and 
ground  to  less  than  250  fim.  The  alloy  powders  were  then 
attrition  milled  in  toluene  to  an  average  particle  size  of  ap¬ 
proximately  3.0  /um,  as  measured  by  a  Fisher  subsieve  sizer 
(FSSS).  Vacuum  evaporation  was  applied  to  remove  toluene 
from  the  powder  slurry.  The  dry  po  vders  were  then  packed 
into  rubber  molds,  magnetized  with  a  peak  field  of  60  kOe, 
and  pressed  cold  isostatically  to  form  consolidated  pieces. 
All  green  compacts  were  sintered  under  vacuum  in  a  tem¬ 
perature  range  from  1095  to  1100  ®C  for  3  h.  A  postsintering 
treatment  over  a  temperature  range  of  550-650  ®C  was  ap¬ 
plied  to  obtain  the  optimum  Hfi  • 

The  Tc  was  determined  by  finding  the  inflection  point  of 
the  temperature  scan  of  induction  using  a  vibrating  sample 
magnetometer  (VSM)  under  an  applied  magnetic  field  of  0.5 
kOe.  The  closed-loop  magnetic  properties,  B^  and  Hd ,  were 
measured  using  a  Walker  hysteresisgraph  in  conjunction  with 
a  temperature  box  capable  of  temperatures  ranging  from 
- 100  to  300  ®C.  The  open-circuit  properties,  namely  the  ir¬ 
reversible  loss  of  induction  and  a,  were  determined  by  plac¬ 
ing  a  3  mm  cube  of  fully  magnetized  magnets  in  a  VSM 
under  a  zero  applied  field,  cycled  from  25  to  200  °C  at  a 
heating  rate  of  4  °C/min  then  cooled  to  room  temperature  at 
the  same  rate.  The  ratio  of  the  difference  in  induction  to  its 
original  value  at  25  °C  was  determined  to  be  the  irreversible 
loss  of  induction.  The  a  is  determined  by  calculating  the 
slope  of  the  linear  portion  (the  cooling  part)  of  the  tempera¬ 
ture  scan  of  induction.  Unlike  a,  the  13  is  determined  from 
the  Hd  measured  at  25  and  175  °C  using  a  closed-circuit 
measurement. 

III.  RESULTS  AND  DISCUSSION 

Listed  in  Table  I  are  the  sample  identification,  the  chemi¬ 
cal  composition  in  formula  form,  the  Tc ,  the  B„  and  the  Hd 
at  25  and  175  °C,  and  the  irreversible  loss  and  a  and  (3  of 
samples  included  in  this  study.  The  composition  of  these 
magnets  ranges  from  a  VCM  grade  with  a  Tc  of  312  °C 
(sample  no.  1)  to  a  magnet  containing  17  at.  %  Co  with  a  r<. 
of  448  °C  (sample  no.  8). 

As  anticipated,  incorporating  Co  into  the  magnet  com¬ 
position  increases  Tc  by  approximately  10  °C  for  each 
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TABLE  I.  Chemical  composition,  Curie  temperature,  B, ,  and  at  25  and  175  "C,  irreversible  loss  of  induction,  reversible  temperature  coefficient  of 
induction  a,  and  temperature  of  coefficient  of  08). 


Sample 

no. 

Formula 

Tc 

(°C) 

B,  (kG)  at 

Temp.  (“O 

(kOe)  at 

Temp.  (°C) 

Irrev. 
loss  (%) 

a 

(%rc) 

P 

(%/°C) 

25 

175 

25 

175 

25 

175 

25 

175 

1 

(Nd„Dy,)  FeNbo,7B7 

312 

12.5 

10.4 

14.7 

2.2 

41 

-0.130 

-0.57 

2 

(NdjjDyj)  FeNbo^Bg 

312 

12.0 

9.6 

24.7 

6.6 

19 

-0.130 

-0.49 

3 

(Nd|2Dy3)  FeNb^jB; 

312 

ll.l 

9.3 

26.3 

7.6 

5 

-0.130 

-0.47 

4 

(NdjgDyj)  FeCo5Nbo7B7 

360 

11.4 

10.0 

20.4 

4.2 

32 

-0.100 

-0.53 

5 

(NdjjDyj)  FeCojNb^Bg 

363 

10.4 

9.1 

>30 

10.6 

2 

-0.100 

-0.5 

6 

(NdijDyg)  FeCojNbjBg 

364 

10.3 

8.5 

>30 

12.9 

5 

-0.100 

-0.4 

7 

(NdigDya)  FeCo5V4B7 

348 

10.4 

9.3 

24.2 

6.6 

8 

-0.100 

-0.48 

8 

(Ndj2Dy3)  FeCoj7Mo2B7 

448 

10.4 

9.0 

16.7 

3.2 

26 

-0.064 

-0.54 

9 

(NdjjDyg)  FeCogMojBg 

355 

10.5 

8.8 

25.0 

8.8 

3 

-0.110 

-0.43 

atomic  percentage  of  Co  addition  (from  approximately  312 
to  360  with  5  at.  %  of  Co  addition).  However,  the  addition  of 
Co  has  typically  been  limited  to  below  5  at.  %  to  minimize 
the  negative  impact  on  to  maintain  a  of  at  least  14 
kOe  at  room  temperature.  The  addition  of  Nb,  V,  or  Mo 
appears  to  change  slightly  suggesting  that  the  actual  Co 
concentration  in  the  major  magnetic  phase  may  be  less  than 
that  calculated  from  the  alloy  composition  assuming  random 
substitution  of  Co  for  Fe.  It  is  surmised  that  some  of  the  Co 
may  appear  in  the  grain-boundary  region. 

A  significant  loss  of  induction,  as  shown  in  Fig.  1,  at 
25  ®C  can  be  observed  by  exposing  the  magnet  to  a  tempera¬ 
ture  of  200  *C.  This  loss  consists  of  an  irreversible  loss  that 
is  not  recoverable  when  the  magnet  is  cycled  again  to  below 
200  "C,  and  a  reversible  loss  which  is  recovered.  The  irre¬ 
versible  loss  of  induction  of  these  magnets  varies  from  the 
41%  of  sample  no.  1  to  less  than  5%  in  sample  nos.  3,  5,  6, 
and  9.  In  general,  magnets  exhibiting  low  irreversible  loss  of 
induction  all  display  a  of  at  least  8  kOe  at  175  "C.  The 
//(•i  at  elevated  temperatures  appears  to  be  the  dominant  fac¬ 
tor  affecting  the  ineversible  loss  of  induction.  Furthermore, 
the  41%,  32%,  and  26%  of  irreversible  loss  of  induction  in 


FIG.  1.  A  temperature  scan  of  induction  of  a  3  mm  cube  sintered  magnet 
under  a  zero  applied  magnetic  field  showing  the  irreversible  loss  of  induc¬ 
tion  and  the  reversible  induction  after  exposing  to  a  temperature  of  200  °C. 


sample  nos.  1,  4,  and  8  {T^  of  312,  360,  and  448  °C,  respec¬ 
tively)  suggest  that  has  no  measurable  effect  on  the  irre¬ 
versible  loss  of  induction. 

Unlike  the  irreversible  loss  of  induction,  the  reversible 
temperature  coefficient  of  induction  {a)  appears  to  be 
strongly  dependent  upon  and  weakly  determined  by  the 
intrinsic  coercivity,  as  shown  in  Figs.  2(a)  and  2(b),  as  evi- 


(kOe) 


FIG.  2.  The  relationship  of  reversible  temperature  coefficient  o  to  (a)  a 
linear  correlation  with  Curie  temperature  and  (b)  a  weak  correlation  with 
H„  at  25  °C  of  NdFeB-type  magnets. 
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denced  by  the  a  of  -0.130  and  -0.064  %/  °C  of  samples  no. 
1  {T^  of  312  °C  and  H,-,  of  2.2  kOe  at  175  °C)  and  no.  8 
of  448  °C  and  Hd  of  3.2  kOe  at  175  °C),  respectively.  Based 
on  these  results,  it  can  generally  be  stated  that  magnets  with 
a  higher  (through  Co  addition)  usually  exhibit  a  lower  a 
than  those  of  lower  (without  Co  addition).  The  conven¬ 
tional  temperature  coefficients  of  Hd  (0)  of  samples  studied 
are  also  included  in  Table  I  for  comparison.  They  range  only 
from  -0.4  to  -0.6  %/  °C  regardless  of  the  .  The  general 
trend  is  that  magnets  of  lower  magnitude  of  0  all  exhibit  a 
relative  high  Hd  at  both  25  and  175  °C.  Regardless  of  the 
alloy  composition,  an  Hd  of  more  than  25  kOe  appears  to  be 
necessary  to  assure  an  Hd  higher  than  8  kOe  at  175  °C. 
Despite  the  fact  that  V  or  Mo  addition  in  the  Co-containing 
alloys  does  slightly  increase  the  Hd  at  room  temperature  and 
even  at  elevated  temperatures,  it  may  not  be  the  most  effec¬ 
tive  means  to  raise  Hd  at  elevated  temperature.  Comparing 
the  Hex  of  26.3  kOe  at  25  °C  and  more  than  30  kOe  of 
samples  no.  3  (0%  Co),  no.  6  (5%  Co,  2%  Nb),  no.  7  (5% 
Co,  4%  V),  and  no.  9  (5%  Co,  2%  Mo),  respectively,  it  may 
be  deduced  that  Dy  is  even  more  effective  in  increasing  the 
Hd  at  room  temperature  and  in  maintaining  the  Hd  at 
175  "C.  This  is  evidenced  by  the  results  that  magnets  exhib¬ 
iting  an  Hd  of  more  than  8  kOe  at  175  °C  all  contain  at  least 
3  at.  %  of  Dy.  The  fact  that  sample  no,  3  contains  no  Co  at 
all  suggests  that  V  or  Mo  addition  into  Co-containing  mag¬ 
nets  is  beneficial  but  may  not  be  necessary  for  obtaining  high 
Hd  (and  high  B,)  at  elevated  temperatures. 

While  it  is  desirable  to  have  a  low  irreversible  loss  and 
low  magnitude  of  a,  it  is  more  meaningful  to  measure  the 
and  the  Hd  values  at  the  desired  operation  temperature.  In¬ 
stead  of  plotting  all  data  obtained  in  this  study,  representative 
samples  are  selected  for  illustration.  Shown  in  Figs.  3(a)  and 
3(b)  are  the  variation  of  and  Hd  with  the  test  temperature 
for  four  selected  samples,  namely,  sample  nos.  1, 4,  6,  and  7. 
Conventional  VCM  magnets  (sample  no.  1)  exhibit  the  high¬ 
est  Bf  but  the  lowest  H^  at  175  "C  while  sample  no.  6  ex¬ 
hibits  an  Hd  of  more  than  10  kOe  with  a  B,=8.5  kG  at 
175  °C.  The  B^  of  8.5  kG  at  175  “C  is  comparable  to  or 
better  than  that  of  SmCos  at  the  corresponding  temperature 
(Br  of  8.8  and  8.2  kG  at  25  and  175  "C,  respectively).  At 
175  °C,  the  Br  and  the  Hd  of  the  Co-V-containing  magnet 
(sample  no.  7)  all  fall  in  between  those  of  sample  nos.  1  and 
6.  This  suggests  that  the  modification  of  microstructure  may 
increase  the  //(.,  to  a  reasonable  level  but  the  key  success  for 
achieving  high  Hd  at  elevated  temperature  may  still  be  the 
fundamental  (or  the  intrinsic)  issue — increasing  the  Hd  by 
raising  the  anisotropy  field  through  Dy  addition. 

iV.  CONCLUSIONS 

Temperature-dependent  magnetic  properties,  namely,  the 
ineversible  loss  of  Induction,  the  >  Ihe  Hd,  the  a,  and  the 
0  of  nine  NdFeB  magnets  with  Co,  Co-Nb,  Co-V,  or  Co-Mo 
addition  have  been  measured  over  the  temperature  range  of 
25  through  175  °C.  We  have  found  that  a  high  //„  at  175  °C 
is  essential  for  low  irreversible  loss  and  a  higher  T,.  is  ben¬ 
eficial  for  a.  For  magnets  of  similar  those  exhibiting 
higher  Hd  (or  lower  B,)  usually  display  a  higher  a  value. 
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FIG,  3.  Varialion  of  (a)  B,  and  (b)  of  (Nd,4Dyi)  FeNbo7B7  (sample  no. 
1),  (NdijDyj)  FcCo5Nbo7B7  (sample  no.  4),  (Nd,jDy})  FCC05V4B7  (sample 
no.  7)  and  (Ndi3Dy3)  FeCoNbjBg  (sample  no.  6)  with  test  temperature. 

Regardless  of  alloy  composition,  an  Hd  of  moie  than  25  kOe 
is  necessary  to  obtain  a  0  of  le.ss  than  -0.51%/  °C.  A  Dy 
content  of  more  than  3  at.  %  in  the  final  magnet  is  more 
advantageous  for  obtaining  a  high  B^  and  Hd  at  elevated 
temperatures  than  additions  of  Co-V  or  Co-Mo.  A  magnet 
with  a  composition  of  Ndi2DygFe7oCo5Nb2B8  has  been  found 
to  exhibit  a  B^  of  8.5  kG  (superior  to  that  of  SmCos  sintered 
magnets)  and  an  Hd  of  12.9  kOe  at  175  ®C. 
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Mechanical  properties  of  hot-rolled  Pr-Fe-B-Cu  magnets 
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Advanced  Materials  R&D  Department,  Seiko  Epson  Corporation,  3-3-5  Owa,  Suwa-shi, 

Nagano-ken  392,  Japan 

Mechanical  strength  and  properties  of  thin  plates  were  investigated  for  hot-rolled  Pr-Fe-B-Cu 
magnets.  Tensile  strengths  of  the  hot-rolled  magnets  were  more  than  23.7  kg  f/mm^.  Bending  tests 
were  also  applied  and  the  strength  of  37.7  kg  flvaa^  was  obtained.  The  strengths  obtained  are 
definitely  higher  than  that  of  commercial  Nd-based  sintered  magnets.  It  was  found  that  the 
mechanical  strengths  were  enhanced  by  Pr2Fe]4B  grain  refinement  caused  by  Cu  addition.  Related 
to  high  mechanical  strength,  hot-rolled  Pr-Fe-B-Cu  magnets  show  excellent  machinability.  Thin 
plate  magnets  up  to  0.1  mm  in  thickness  with  fairly  large  surface  area  were  produced  without  any 
cracking.  Moderate  energy  products  better  than  20  MGOe  were  achieved  by  heat  treatment  after 
machining. 


I.  INTRODUCTION  III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  a  SEM  backscattered  image  of 
Pr|7oFe7(i3B5  2Cuj  5  magnet  which  was  subjected  to  a  two- 
step  heat  treatment  (20  h  at  1025  °C  and  6  h  at  500  °C)  after 
rolling.  A  comparatively  large  amount  of  the  intergranular 
phases  is  observed.'*  The  microstructure  consists  of  three 
phases  labeled  as  (a),  (b),  and  (c)  in  the  figure.  EPMA  analy¬ 
sis  of  the  phases  was  performed,  and  the  phases  (a),  (b),  and 
(c)  appeared  to  be  Pr2Fe,4B  phase,  Pr6Fe,3Cu  phase,  **  and 
Pr-Cu-rich  phase,  respectively.  Figure  2  shows  the  relation 
between  iH^  and  the  temperature  of  the  second  treatment 
(designated  as  T)  for  a  two-step  heat  treatment  such  as 
1025  “C  for  20  h+T  “C  for  2  h.  High  coercivities  were  ob¬ 
tained  in  the  temperature  range  from  450  to  650  “C,  causing 
Pr^FeijCu  formation  and  Pr2Fei4B  phase  separation.^ 

Tensile  tests  were  applied  to  the  Pri7oFe76  3B52Cui « 
magnets  with  tensile  strengths  of  more  than  23.’7  kg  f/mm^ 
being  obtained.  Commercial  Nd-based  sintered  magnets 
show  tensile  strengths  of  about  8  kg  f/mm^.®’’  Therefore,  hot- 
rolled  magnets  are  about  three  times  as  strong  as  the  sintered 
magnets.  A  SEM  micrograph  of  the  fracture  surface  after  a 
tensile  test  is  shown  in  Fig.  3.  The  fracture  surface  of  the 


The  alloys  investigated  were  prepared  using  an  induction 
furnace.  The  raw  materials  used  were  Pr  (99  wt  %  pure),  Fe 
(99.9  wt  %  pure),  Cu  (99.9  wt  %  pure) ,  and  20  wt  %  B-80 
wt  %  Fe.  An  alloy  ingot  was  packed  into  a  steel  capsule  and 
then  rolled  at  950  ®C  up  to  75%  reduction.  After  rolling,  the 
magnets  were  heat  treated  under  an  Ar  atmosphere.  For  mi- 
crostructural  study,  optical  microscopy,  and  scanning  elec¬ 
tron  microscopy  (SEM)  were  utilized.  Electron  probe  mi¬ 
croanalysis  (EPMA)  was  also  used  for  compositional 
analysis  of  the  microstructure.  Tensile  tests  were  applied  us¬ 
ing  the  Shimazu  model  AG-2000D.  In  the  tensile  tests,  the 
cross-head  speed  was  0.5  mm/min.  Tensile  direction  was  the 
same  as  the  rolling  direction.  Three-point  bending  tests  were 
also  applied.  The  sample  size  was  6X6X40  mm.^  Bending 
direction  was  parallel  to  the  press  direction  of  the  magnets. 

Magnetic  properties  were  measured  on  a  dc  magnetic  hyster¬ 
esis  loop  tracer  under  a  maximum  magnetizing  field  of  25 
kOe.  Thin  plate  magnets  were  evaluated  using  a  vibrating 
sample  magnetometer  (VSM)  under  a  maximum  field  of  15 
kOe. 

J.  Appl.  Phys.  75  (10).  15  May  1994  0021-8979/94/75(10)/6631/3/$6.00  ©  1994  American  Institute  of  Physics  6631 


K 

D 

’'9 

1 .  u  n  fit 

OK  ^ * 

- -  1  0 1  ■  fii 

X  5  ^  tl  0  tJ 

FtG.  1.  SEM  backscattered  image  of  Pr,7oFe743B5  2Cu,5  magnet:  (a) 
PriFcj^B;  (b)  Pr^FcisCu,  and  (c)  Pr-Cu  rich. 


In  our  previous  articles  we  introduced  a  new  method 
for  producing  high-energy  Pr-Fe-B-Cu  magnets  by  hot  work¬ 
ing  cast  alloys.  Columnar  cast  structure  having  fine  grains 
was  determined  to  be  important  to  achieve  high  magnetic 
properties. 

Hot-rolled  Pr-Fe-B-Cu  magnets  have  several  unique 
characteristics  because  of  their  manufacturing  method  and 
composition.  First,  hot  rolling  is  the  most  suitable  method  for 
making  large-sized  magnets.  Second,  the  corrosion  resistance 
is  higher  than  that  of  sintered  magnets  because  of  the  lower 
contamination  of  oxygen  and  the  absence  of  voids.  Third, 
pieces  of  magnets  can  be  easily  joined  by  liquid-phase 
bonding.^ 

In  addition  to  these  characteristics,  this  article  especially 
focuses  on  the  mechanical  properties  such  as  mechanical 
strength  and  machinability,  and  discusses  the  properties  as 
compared  to  those  of  sintered  magnets. 


11.  EXPERIMENTAL  PROCEDURE 
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FIG.  2.  Change  of  iH^  as  a  function  of  temperature  of  the  second  heat 
treatment  in  two-step  heat-treated  Pri7.oFe76  3Bj2Cu,^  magnet. 
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FIG.  5.  Cu  content  dependence  of  bending  strength. 


% 


FIG.  3.  SEM  micrograph  of  the  fracture  surface  after  tensile  test. 
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FIG.  4.  SEM  micrograph  of  the  fracture  surface  after  bending  test. 


FIG.  6.  Optical  micrographs  of  magnets  with  and  without  Cu  addition:  (a) 
Pfi7oFe763B5  2Cu,5  and  (b)  Prig oFe,^ 3853. 


TABLE  I.  Mechanical  properties  of  hot-rolled  Pr„|,Fe7e,3B5  2CU|5  magnets 
and  commercial  Nd-based  sintered  magnets. 


Pf  17  oP<576  3®5  jCUi^ 

Nd  sintered 

Tensile  strength 

>23.7  kg  ^mm^ 

8  kg  Emm^  *■’’ 

Bending  strength 

37.7  kg  f/mm^ 

25  kgS^mm^*’” 

Compressive  strength 

95  kg  f/mm^ 

llOkgf/mm^* 

Poisson’s  ratio 

0.24 

0.24’’ 

‘Reference  6. 
’’Reference  7. 
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FIG.  7.  Demagnetization  curves  of  thin  plate  Pfi^^Fe,;  285  |Cu|  2  magnets. 

intergranular  region  forms  a  dimplelike  fracture,  suggesting 
that  the  fracture  in  the  region  was  a  ductile  one.  In  view  of 
the  microstructure  and  the  fracture  surface,  the  Pr-Cu-rich 
phase  seems  to  permit  the  ductile  fracture,  contributing  to 
high  tensile  strength. 

Three-point  bending  tests  were  also  applied  to  these 
magnets.  The  bending  strength  obtained  was  37.7  kg  f/mm^ 
and  is  larger  than  that  (25  kgf/mm^)  of  commercial  Nd- 
based  magnets.*’’  Nd-based  sintered  magnets  generally  con¬ 
tain  voids  formed  in  the  sintering  process.  For  hot-rolled 
magnets,  however,  such  voids  are  not  observed  in  the  micro¬ 
structure  as  shown  in  Fig.  4.  This  is  because  the  magnets 
were  not  produced  by  using  any  powder  metallurgical  pro¬ 
cess,  but  by  hot  rolling  alloys  having  a  liquid  phase  under 
high  isostatic  pressure. 

Cu  content  dependence  of  bending  strength  was  also  in¬ 
vestigated  in  Pr,8,5-xFe76  3B5  2Cu^  (jc=0,  0.6,  1.5)  magnets. 
Cu-free  ternary  Pr^  5Fe76  B,  2  magnet  showed  only  28.9 
kgf/mm’  as  illustrated  in  Fig.  5.  Figure  6  shows  that  the 
Pr2Fei4B  grains  of  the  ternary  magnet  are  larger  than  those  of 
the  ,Cu  added  magnet.  The  large  grains  prevent  the  ternary 
magnets  from  achieving  high  strength.  In  addition,  the  duc¬ 
tile  Pr-Cu-rich  phase,  formed  in  Cu-added  magnets,  does  not 
exist  in  Cu-free  magnets.  The  low  strength  in  Cu-free  mag¬ 
nets  is  caused  by  the  large  grain  size  and  the  lack  of  the 
ductile  phase. 

Compressive  strength  and  Poisson’s  ratio  were  also  mea¬ 
sured  for  the  Pri7,oFe75  3B5  2Cuj  5  magnet.  The  results  are 
listed  in  Table  I.  Among  these  mechanical  properties,  tensile 
strength  is  the  most  remarkable  in  comparison  with  that  of 
sintered  magnets.  On  the  other  hand,  compressive  strength  is 
not  higher  than  that  of  the  sintered  magnets.  It  seems  that  the 
change  in  intergranular  phases  does  not  influence  the  com¬ 
pressive  strength  very  much. 

Hot-rolled  Pr-Fe-B-Cu  magnets  have  such  excellent  ma- 
chinability  that  thin  plates  up  to  0.1  mm  in  thickness  are 
produced  without  cracking.  Demagnetization  curves  of  the 
thin  plate  magnets  are  shown  in  Fig.  7  (0.25  and  0.1  mm  in 
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FIG.  8.  Demagnetization  curves  of  thin  plate  Pr|55Fe77  2Bej  |Cui  2  magnets 
after  heat  treatment. 

thickness).  The  direction  of  easy  magnetization  is  normal  to 
the  plate.  Magnetic  properties  measured  by  VSM  were  cor¬ 
rected  by  adopting  the  demagnetization  factor:  ^=0.9. 

MGOe  and  j7/^=15.0  kOe  were  obtained  for 
the  0.25-mm-thick  magnet.  The  same  properties  of  the  0.1- 
mm-thick  magnet,  however,  deteriorated  severely  due  to  the 
damage  induced  during  machining.  In  order  to  recover  the 
properties,  a  heat  treatment  (2h  at  600  ^C)  was  performed  in 
vacuum.  The  demagnetization  curves  after  the  heat  treatment 
are  shown  in  Fig.  8.  The  magnetic  properties  obtained  were 
greatly  recovered.  Even  in  the  0.1-mm-thick  magnet, 
(BH)„^^=20.9  MGOe  was  obtained,  and  intrinsic  coercivity 
was  also  enhanced  up  to  14.8  kOe.  SEM  observations  re¬ 
vealed  that  the  damaged  surface  caused  by  machining  turned 
into  a  relatively  flat  surface  after  the  heat  treatment.  It  seems 
that  the  Pr-Cu-rich  phase,  having  a  low  melting  point,  be¬ 
came  liquid  during  the  heat  treatment  and  removed  the  de¬ 
fects  which  had  been  formed  on  the  Pr2Fei4B  grains.  There¬ 
fore,  high  coercivities  were  obtained.  Although  a  similar 
recovery  effect  in  sintered  magnets  had  been  reported,  the 
recovery  was  achieved  up  to  much  higher  S/V  {S-.  surface 
area;  V:  volume)  in  the  hot-rolled  magnets  than  in  the  sin¬ 
tered  magnets.* 

'T.  Shimoda,  K.  Akioka,  0.  Kobayashi,  and  T.  Yamagami,  IEEE  Trans. 
Magn.  MAG-2S,  4099  (1989). 
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Applications,  1990,  p.  17. 
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Magnetbcaloric  dependence  of  magnetic  viscosity  measurements  in  NdFeB 
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Measurements  of  the  time  dependence  of  magnetization  may  be  analyzed  by  means  of  a  constitutive 
equation  to  give  information  regarding  the  fundamental  nature  of  magnetization  reversal  processes. 

The  quantity  A  the  fluctuation  field  may  be  measured  and  then  related  to  the  activation 
volumes  involved  in  the  magnetization  reversal  processes.  These  measurements  are  commonly 
made  at  or  near  room  temperature  for  hard  permanent  magnet  materials,  since  this  is  the  usual 
operating, temperature,  and  the  system  is  assumed  to  be  isothermal.  However,  the  experimental  work 
described  shows  for  these  materials  the  magnetocaloric  effect  (MCE)  cannot  be  neglected  at  these 
temperatures.  Magnetic  viscosity  measurements  have  been  made  in  two  ways  which  lead  to  different 
thermal  behavior  in  the  sample.  Thermometric  measurements  were  made  concurrently  with  the 
magnetic  viscosity  measurements  in  a  sample  of  sintered  NdFeB.  The  measurements  show  that  the 
calculated  value  of  A  can  be  changed  by  as  much  as  10%  when  isothermal  conditions  do  not  hold. 

This  effect  is  particularly  evident  near  room  temperature  in  NdFeB-type  materials  because  of  the 
strong  dependence  of  coercivity  on  temperature  and  the  proximity  to  the  Curie  point  K) 

where  reversible  and  irreversible  components  of  MCE  peak. 


I.  INTRODUCTION 

Measurements  of  time  dependence  of  magnetization,  or 
magnetic  viscosity,  may  pfovide  useful  information  regard¬ 
ing  the  intrinsic  magnetization  reversal  behavior  in  bulk  ma¬ 
terials.  In  permanent  magnet  materials,  such  as  Nd2Fej4B, 
room-temperature  measurements  show  significant  time  de¬ 
pendence  of  magnetization  arising  from  the  thermal  activa¬ 
tion  of  metastable  magnetization  events.  Analysis  and  inter¬ 
pretation  of  viscosity  data  gives  information  regarding  the 
origin  of  reversal  events. 

When  a  field  is  applied  to  a  magnetic  material  under 
adiabatic  conditions  such  that  the  magnetization  changes, 
heat  is  evolved  or  absorbed  in  a  reversible  manner.  This  heat 
is  manifested  as  an  increase  or  decrease  in  the  temperature  of 
the  sample  which  is  known  as  the  magnetocaloric  effect 
(MCE).  Andreenko  et  al}  attribute  this  “reversible  MCE”  to 
two  effects,  the  changes  in  exchange  energy  and  the  changes 
in  the  magnetic  anisotropy  energy.  The  firsi  efrc''t  will  be 
greatest  at  temperatures  close  to  the  Curie  point  where  the 
changes  in  rotational  behavior  are  pronounced.  The  second 
effect  is  in  general  smaller  and  becomes  significant  when  the 
magnetocrystalline  anisotropy  constant  changes  rapidly  with 
temperature. 

In  addition  to  these  reversible  effects,  magnetically  or¬ 
dered  materials  will  show  irreversible  thermal  effects  in¬ 
duced  by  irreversible  changes  in  the  magnetization.  Events 
which  might  give  rise  to  these  changes  include  irreversible 
domain-wall  movements  and  irreversible  magnetization  rota¬ 
tions.  These  effects  give  rise  to  the  “irreversible  MCE.” 

Because  NdFeB-type  materials  have  values  of  close 
to  room  temperature  it  is  possible  to  detect  substantial  re¬ 
versible  and  irreversible  MCE  at  ambient  temperatures.  The 
measurements  described  here,  while  not  being  strictly 
adiabatic,  show  that  these  effects  have  a  substantial  impact 
on  measurements  of  magnetic  viscosity.  These  results  are 


discussed  in  light  of  the  constitutive  equation  developed  by 
Estrin,  McCormick,  and  Street^  for  the  description  of  mag¬ 
netic  state. 

11.  EXPERIMENT 

All  magnetic  measurements  were  made  using  a  vibrating 
sample  magnetometer  in  conjunction  with  a  50  kOe  super¬ 
conducting  solenoid.  A  cryostat  was  available  to  maintain  the 
ambient  sample  temperature  during  the  measurements,  which 
have  all  been  made  at  or  near  room  temperature.  A  variety  of 
sintered  NdFeB-type  materials  supplied  by  Sumitomo  Spe¬ 
cial  Metals,  Japan,  and  Electron  Energy  Corp.,  USA,  has 
been  used  in  this  work.  The  magnetic  viscosity  tests  were 
performed  on  spheric.!!  samples  (demagnetization  factor  of 
47r/3  in  Gaussian  units)  mounted  in  epoxy  resin.  To  record 
changes  in  sample  temperature  a  copper-constantan  thermo¬ 
couple  was  spot  welded  to  the  surface  of  the  sample. 

Magnetic  viscosity  measurements  were  performed  in 
two  ways.  First  is  the  multiple  step  per  loop  measurement 
technique  (MS):  (a)  sample  cycled  in  saturating  field  to  es¬ 
tablish  a  consistent  magnetic  state;  (b)  field  ramped  from 
to  the  first  measurement  field,  -//„ ;  (c)  magnetiza¬ 
tion  changes  recorded  at  constant  |//al  for  ^  set  period  of  time 
(here  ~10^  s);  (d)  field  increased  to  next  measurement 
field  l//„  +  A//„l,  and  the  process  repeated. 

The  second  is  the  single  step  per  loop  measurement  tech¬ 
nique  (SS):  as  for  MS  except  that  after  (c)  the  field  was 
ramped  to  -//max  returned  to  +//max  >  before  estab¬ 

lishing  a  new  measurement  field. 

The  results  of  both  types  of  experiment  have  been  ana¬ 
lyzed  in  the  manner  described  in  Street,  McCormick,  and 
Folks^  where  it  is  assumed  that  the  magnetic  state  of  the 
material  may  be  described  as  a  function  of  the  irreversible 
magnetization  the  internal  field  //,  ,  and  the  time  rate 
of  change  of  irreversible  magnetization  M^,, 

dH={\/)('JdM,,+^d\nM,„,  (1) 
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FIG.  1.  A/|o|  vs  Hi  for  Pr2Fei4B  at  291,  293,  and  298  K,  showing  the  large 
shift  near  H^ . 

where  intrinsic  irreversible  sus¬ 

ceptibility  and  A=(dHi/S  In 

The  quantity  A  may  be  related  to  an  activation  volume  v 
by  the  expression 

A-^iksT/vM,),  (2) 

where  M,  is  the  spontaneous  magnetization  of  the  material,  T 
is  the  temperature,  and  is  the  Boltzmann  factor.  The  de¬ 
termination  of  A  was  found  to  be  independent  of  many  of  the 
experimental  conditions,  including  the  rate  of  change  of  the 
applied  field  between  steps  Hg ,  the  time  over  which  the  mag¬ 
netic  viscosity  is  recorded  fj ,  and  the  field  interval  between 
steps  AH  a,  in  the  ranges  available. 

Hysteresis  curves  of  NdFeB-type  materials  exhibit 
marked  changes  in  coercivity  //<.  with  T  near  room  tempera¬ 
ture.  Figure  1  shows  the  total  magnetization  Af|oi  versus  in¬ 
ternal  field  Hi  curves  with  H„=450  Oe/s  for  a  sample  of 
Pr2Fei4B  (r^.~595  K)  at  ambient  temperatures  of  291,  293, 
and  298  K.  The  value  of  H^  (taken  as  the  field  at  which  the 
maximum  value  of  susceptibility  occurs)  decreases  by  1260 
Oe  between  291  and  298  K  (~0.87%/K),  slightly  higher  than 
the  value  of  0.7%/K  reported  by  Stmat.**  For  the  determina¬ 
tion  of  A,  however,  it  is  more  appropriate  to  consider  the 
change  in  A/  at  a  fixed  value  of  H,-  for  a  given  change  in 
ambient  temperature.  For  this  material  at  H  =  -19.1  kOe 
{~Hc),  A/,0,  changes  by  ~330  G  between  291  and  298  K. 

However,  a  simple  calculation  to  approximate  the  MCE 
for  the  demagnetizing  curve  [using  the  expression 
AT=(ps)~'jH  dM,  where  p  is  the  density  and  s  is  the 
specific  heat]  suggests  that  the  temperature  of  the  sample 
increases  by  ~0.9  K  over  this  part  of  the  curve  under  adia¬ 
batic  and  isobaric  conditions.  To  measure  the  actual  elfect 
under  experimental  conditions  a  thermocouple  was  attached 
to  a  sample  of  anisotropic  sintered  Nd2Fe,4B  (ro~620  K) 
and  the  changes  in  temperature  were  monitored  as  the 
sample  was  cycled  around  the  hysteresis  loop.  For  this  ma¬ 
terial  He  varies  by  0.72%/K  near  room  temperature.  Figure  2 
shows  the  measured  change  in  sample  temperature  as  the 
field  was  cycled  at  Ha=450  Oe/s.  Initially  T  decreases 
slightly  between  +50  and  0  kOe,  but  near  coercivity  there  is 
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FIG.  2.  Variation  of  and  AT  as  is  cycled  from  +50  to  -50  kOe  at 
tfa=450  Oe/s  for  a  sample  of  sintered  Nd2Fei4B  at  an  ambient  temperature 
of  293  K. 


a  sudden  increase  in  T  of  ~0.5  K,  comparable  to  the  calcu¬ 
lated  figure,  given  that  some  heat  will  be  lost  to  the  environ¬ 
ment.  The  total  change  in  temperature  as  the  specimen  is 
taken  around  a  loop  is  ~0.36  K. 

Measurements  of  AT  were  made  on  the  same  sample  as 
MS  and  SS  experiments  were  conducted.  Figure  3(a)  illus¬ 
trates  the  variations  in  I  as  a  SS  experiment  was  performed, 
with  five  steps  at  1  kOe  intervals,  at  Ha=450  Oe/s  and  an 
ambient  temperature  of  293  K.  The  sample  was  allowed  to 
come  to  thermal  equilibrium  with  the  experimental  environ¬ 
ment  before  the  measurement  started.  Again  the  initial  part 
of  each  loop  was  accompanied  by  a  decrease  in  T,  followed 
by  an  increase  in  T  in  the  second  quadrant.  During  the  first 
viscosity  measurement  T  continued  to  rise,  but  during  each 
of  the  subsequent  steps  T  decreased.  However,  at  the  start  of 
each  loop  the  values  of  T  varied  only  by  —0.3  K  and  at  the 
start  of  each  viscosity  measurement  T  varied  by  only  —0.05 
K.  Figure  3(b)  gives  the  equivalent  data  for  a  MS  experiment 
under  similar  conditions,  along  with  the  corresponding 
changes  in  M.  In  this  case  T  does  not  vary  much  over  the 
duration  of  the  viscosity  measurements  for  steps  after  the 
first  one,  but  the  T  at  the  beginning  of  each  step  drifts  up¬ 
ward.  For  this  material  A  from  the  SS  measurement  was 
—7%  smaller  than  from  the  MS  measurement. 

Conventional  MS  and  SS  measurements  (without  an  at¬ 
tached  thermocouple)  were  made  on  a  variety  of  sintered 
NdFeB-type  materials  in  spherical  form  mounted  in  epoxy 
resin.  The  values  of  A  derived  consistently  differed,  by  as 
much  as  14%,  for  the  two  methods,  as  shown  in  Fig.  4  for 
the  sample  of  Pr2Fej4B  at  an  ambient  temperature  of  293  K. 
It  may  be  seen  that  the  form  of  the  data  is  similar  but  that  the 
values  differ  by  —10%  near  H^.  Similar  results  were  found 
for  a  range  of  sintered  NdFeB-type  materials.  However,  there 
is  no  discernible  difference  in  values  of  A  derived  from  ex¬ 
periments  at  different  ambient  temperatures  near  room  tem¬ 
perature  where  the  experimental  method  is  the  same.  More¬ 
over,  MS  and  SS  tests  on  Cr02,  for  which  7^-390  K,  gave 
identical  values  of  A  within  experimental  error. 

Examination  of  the  MS  and  SS  data  for  NdFeB  materi- 
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FIG.  3.  Variation  of  and  AT  as  a  function  of  time  t  during  (a)  a  SS 
experiment  (Af,oi  shown  for  first  step  only)  and  (b)  a  MS  experiment,  on  the 
sample  of  NdjFei^B  at  an  ambient  temperature  of  293  K.  The  period  during 
which  magnetic  viscosity  is  measured  is  indicated. 

als,  including  the  portions  of  the  loops  between  the  steps, 
shows  that  associated  with  the  changes  in  sample  tempera¬ 
ture  are  significant  deviations  from  the  hysteresis  curve  at  the 
same  ambient  temperature,  and  these  are  found  to  be  depen¬ 
dent  on  Hg . 

III.  SUMMARY 

The  observation  of  changes  in  temperature  associated 
with  ineversible  changes  in  magnetization  is  unsurprising 
and  particularly  striking  measurements  have  been  made  by 
Otani  et  al.^  in  NdFeB  at  2.5  K,  where  temperature  changes 
associated  with  individual  Barkhausen  events  have  been  re¬ 
corded.  Here,  the  impetus  for  measuring  changes  in  sample 
temperature  as  viscosity  measurements  were  being  made 
arose  from  the  observation  that  values  of  A,  while  indepen¬ 
dent  of  most  experimental  conditions,  were  consistently  dif¬ 
ferent  from  experiments  in  which  the  sample  was  cycled  in  a 
saturating  field  between  each  measurement  of  viscosity. 

For  both  the  MS  and  SS  experiments,  measurement  of  T 
during  the  first  magnetic  viscosity  measurement  gives  the 
same  result,  an  increase  of  ~0.1  K.  At  the  beginning  of  this 


FIG.  4.  A  vs  Mi„  derived  from  MS  and  SS  experiments  on  the  sample  of 
Pr2Fe|4B2.  Experimental  error  bars  are  shown  (~4%)  for  some  of  the  data. 

step  the  sample  temperature  is  close  to  the  ambient  experi¬ 
mental  temperature  and  the  MCE  associated  with  the  mag¬ 
netic  viscosity  leads  to  an  increase  in  T.  After  the  first  step 
the  thermal  behavior  of  the  sample  differs  between  the  two 
methods.  For  the  MS  method  T  does  not  vary  by  much  dur¬ 
ing  the  viscosity  measurement  but  for  the  SS  method  T  de¬ 
creases  by  varying  amounts  during  each  step.  These  differ¬ 
ences  arise  from  the  balances  between  MCE,  from  both 
magnetic  viscosity  and  changes  in  the  applied  field,  and  heat 
loss  to  the  environment. 

For  all  the  NdFeB-type  materials  measured,  A  from  SS 
measurements  was  ~10%  smaller  than  that  from  MS  mea¬ 
surements  for  a  given  ambient  T.  The  thermometric  measure¬ 
ments  described  here  show  that  this  may  be  accounted  for  by 
the  different  thermal  behavior  of  the  sample  during  magnetic 
viscosity  experiments  carried  out  under  MS  and  SS  condi¬ 
tions.  Changing  the  ambient  T  in  the  range  291-298  K  pro¬ 
duced  no  change  in  A  where  the  experimental  method  was 
the  same.  Similar  experiments  on  a  sample  of  Cr02  showed 
no  change  in  A  with  method,  commensurate  with  the  smaller 
energies  associated  with  magnetization  reversal  in  this  mate¬ 
rial  and  the  low  T  dependence  of  //(.  near  room  temperature. 
That  A  should  be  critically  dependent  on  changes  in  tem¬ 
perature  during  the  measurement  is  clear  from  the  definition 
[Eq.  (1)];  A  is  proportional  to  changes  in  N,  but  for  NdFeB, 
H  is  strongly  dependent  on  T. 

In  order  to  eliminate  magnetocaloric  induced  effects  it  is 
necessary  to  ensure  that  magnetic  viscosity  measurements  of 
NdFeB-type  materials  are  carried  out  under  isothermal  con¬ 
ditions.  Nonisothermal  results  should  be  viewed  with  some 
caution. 

'a.  S.  Andreenko,  K.  P.  Belov,  S.  A.  Nikitin,  and  A.  M.  Tishin,  Sov.  Phys. 
Usp.  32,  649  (1989). 
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^R.  Street,  P  G.  McCormick,  and  L.  Folks,  J.  Magn.  Magn.  Mater.  104- 
107,  368  (1992). 

'•K.  j.  S'rnat,  Proc.  IEEE  78,  923  (1990). 
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Uehara,  J.  Appl.  Phys.  67,  4619  (1990). 
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Die-upset  PrCOs-type  magnets:  Enhanced  coercivities 
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Rare-earth-cobalt  alloys  have  been  melt  spun,  yielding  ribbons  whose  major  phase  was  the 
hexagonal  PrCo5  phase.  Fully  dense  hot-pressed  magnets  with  essentially  isotropic  magnetic 
properties  have  been  formed  by  consolidating  the  ribbons  at  high  temperatures  and  pressures.  The 
hot-pressed  precursor  was  then  subjected  to  hot  deformation  or  die  upsetting,  thereby  inducing 
partial  alignment  of  the  c  axis  along  the  press  direction.  The  resulting  magnets  had  remanences 
approaching  ~75%  of  the  saturation  magnetization  of  the  hexagonal  PrCo5  phase.  Three  approaches 
were  used  to  optimize  the  coercivity  of  the  die-upset  magnets:  (i)  replacing  small  amounts  of  cobalt 
with  carbon;  (ii)  partially  substituting  samarium  for  the  praseodymium;  and  (iii)  high-temperature 
heat  treatment  followed  by  a  thermal  quench.  Coercivities  near  ~20  kOe  were  achieved  with 
thermally  quenched  die-upset  (Pro6Smo4)i8Co8iC  magnets,  while  maintaining  remanences  above  8 
kG. 


There  continues  to  be  considerable  scientific  and  techni¬ 
cal  interest  in  rare-earth-cobalt  permanent  magnets,*’^  pri¬ 
marily  for  their  high  Curie  temperatures  and  high  magneto¬ 
crystalline  anisotropies.  Although  similar  to  SmCo5  in  many 
respects,  PrCoj  has  not  been  as  successfully  exploited  as  a 
permanent  magnet  material  despite  reports  of  sintered  mag¬ 
nets  with  relatively  high  remanences  (~10.5  kG)  and  energy 
products  (26.2  MGOe).^  This  is  largely  due  to  the  relatively 
low  coercivity  (//<;i~5  kOe)  of  sintered  PrCos-type 
magnets.'*"*  Higher  coercivities  (6<//ci<10  kOe)  have  been 
reported  for  melt-spun  PrCos  ribbons,’"***  but  like  melt-spun 
NdaFe^B  ribbons,**  they  are  crystallographically  isotropic 
with  remanences  kG)  of  about  half  the  saturation 

magnetization  (47rA/j=’12  kG)  of  the  primary  phase.* 
Recently  we  have  shown  that  the  remanences  of  melt- 
spun  PrCos  alloys*^  can  be  enhanced  by  thermomechanical 
alignment  or  die  upsetting,*^  using  techniques  first  developed 
for  melt-spun  Nd2Fei4B  alloys.*"*  In  the  first  step  of  the  pro¬ 
cess,  the  Pr-Co  ribbons  are  confined  to  the  cavity  of  a  hot  die 
and  isostatically  pressed,  causing  ribbon  fragments  to  deform 
and  fill  the  sunounding  voids.  This  consolidates  the  ribbon 
fragments  and  results  in  a  fully  dense  isotropic  magnet.  For 
example,  hot  pressing  ribbons  of  the  composition  Prj8Co82 
(see  Fig.  1)  yielded  a  magnet  with  a  density  of  8.3  g/cm^  and 
a  remanence  of  just  over  6  kG,  both  of  which  coincide  with 
the  values  expected  for  an  isotropic  PrCos  magnet.  The  hot- 
pressed  magnet  can  then  be  used  as  a  precursor  in  the  second 
process  step  (die  upsetting),  where  the  reheated  sample  is 
placed  in  an  oversized  die  and  plastically  deformed  by  ap¬ 
plying  a  uniaxial  force.  The  degree  of  alignment  produced 
during  die  upsetting  depends  on  the  level  of  deformation;  we 
found  that  reducing  the  sample  height  by  a  little  over  50% 
produced  a  remanence  of  ~8.3  kG  in  the  Pri8Co82  magnet 
(see  Fig.  1).  This  remanence  represents  a  ~35%  increase 
relative  to  the  remanence  of  the  hot-pressed  precursor.  As 
with  die-upset  Nd-Fe-B  magnets,  the  remanence  enhance¬ 
ment  occurred  parallel  to  the  press  direction  (perpendicular 
to  the  direction  of  material  flow).  X-ray  diffraction  from  the 
surface  of  the  die-upset  Pr-Co  magnets  has  confirmed  the 
crystallographic  alignment  of  the  c  axes  along  the  press  di¬ 
rection. 


Unfortunately,  the  coercivities  of  our  binary  Pr-Co  melt- 
spun  magnets,  like  their  sintered  counterparts,  have  remained 
relatively  low  kOe).  In  this  article  we  summarize  our 

efforts  to  optimize  the  coercivities  of  this  class  of  permanent 
magnets.  For  example,  postpress  heat  treatments,  particularly 
quenching  from  high  temperatures,  can  produce  varying  de¬ 
grees  of  enhancement  in  as  Fig.  1  shows,  the  coercivity 
of  the  die-upset  magnet  increased  by  ~15%  after  quenching 
from  800  “C.  In  addition  to  heat  treatments,  adding  carbon 
and  samarium  to  the  alloys  can  also  enhance  the  coercivities 
of  melt-spun  PrCos-type  magnets.  Experimental  details  have 
been  presented  elsewhere.** 

Improving  coercivity  by  adding  or  substituting  elements 
into  the  alloy  is  almost  always  accompanied  by  a  decrease  in 
remanence.  At  most  concentrations  the  addition  of  carbon  to 
Pr-Co  alloys  (Pri8Co82-xQ)  is  no  exception  to  this  tradeoff. 


FIG.  1.  Demagnetization  curves  for  hot-pressed,  die-upset,  and  quenched 
die-upset  magnets  having  the  composition  Pri8Cog2.  The  (dashed)  curves 
labeled  hot  pressed  and  die  upset  were  obtained  from  as-pressed  magnets. 
The  (solid)  curve  labeled  quenched  was  obtained  from  a  die-upset  magnet 
heated  to  800  "C  before  quenching  in  an  oil  reservoir.  The  die-upset  (DU) 
level  was  53%. 
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FIG.  2.  Demagnetization  curves  for  hot-pressed,  die-upset,  and  quenched 
die-upset  magnets  having  the  composition  Pr,jCo73C4.  The  (dashed)  curves 
labeled  hot  pressed  and  die  v,  'et  were  obtained  from  as-pressed  magnets. 
The  (solid)  curve  labeled  quenched  was  obtained  from  a  die-upset  magnet 
heated  to  800  °C  before  quenching  in  an  oil  reservoir.  The  die-upset  (DU) 
level  was  53%. 


FIG.  4.  Demagnetization  curves  for  hot-pressed,  dic-upset,  and  quenched 
die-upset  magnets  having  the  composition  RigCo^gC  where  R=(Pro6Smo4). 
The  (dashed)  curves  labeled  hot  pressed  and  die  upset  were  obtained  from 
as-pressed  magnets.  The  (solid)  curve  labeled  quenched  was  obtained  from 
a  die-upset  magnet  heated  to  800  °C  before  quenching  in  an  oil  reservoir. 
The  die-upset  (DU)  level  was  53%. 


6 


5 


corbon  concentration  x  (at  ^) 


FIG.  3.  (a)  Remaiience  and  (b)  oercivity  of  die-upset  Pr,8Cog2-,C,  mag¬ 
nets  vs  carbon  concentration  x.  T  >  maximize  coercivity,  the  die-upset  mag¬ 
nets  were  first  heated  to  800  "C  before  quenching  in  an  oil  reservoir.  The 
die-upset  (DU)  level  was  53%. 


Adding  4  at.  %  carbon  (4: =4)  to  the  Pr-Cto  alloy  more  than 
doubled  the  coercivity  of  the  hot-pressed  and  die-upset  mag¬ 
nets  (see  Fig.  2).  This  gain  was,  however,  offset  by  a  com¬ 
mensurate  loss  of  remanent  moment;  the  remanence  of  the 
die-upset  magnet  (8^=73  kG)  was  12%  less  than  that  of  its 
carbon-free  counterpart  (8^=83  kG).  The  trend  to  lower 
remanence  with  increasing  carbon  concentration  (x)  was  ob¬ 
served  for  all  magnets  with  x^2  at.  %  [see  Fig.  3(a)].  How¬ 
ever,  for  a  narrow  range  of  low  carbon  levels,  O.S^a:^  1 ,  the 
remanence  of  the  die-upset  magnets  actually  increased  a 
moderate  amount  (~5%)  from  the  carbon-free  value.  This 
makes  it  possible  to  use  low  levels  of  carbon  to  increase 
coercivity  [see  Fig.  3(b)]  without  compromising  remanence. 

The  coercivities  in  Fig.  3(b)  are  for  quenched,  rather 
than  as-pressed,  die-upset  magnets.  The  coercivities  of  the 
as-pressed  magnets  were  sensitive  to  press  conditions  and  the 
efficiency  with  which  the  magnets  were  ejected  from  the  die, 
and  thus  tended  to  be  inconsistent.  In  some  cases,  thermal 
quenching  from  high  temperatures  (~800  °C)  provided  sub¬ 
stantial  improvements  to  the  coercivity.  The  demagnetization 
curve  in  Fig.  2  shows  a  ~50%  increase  in  the  coercivity  of 
the  Pr]8Co7gC4  die-upset  magnet  after  quenching.  Increasing 
the  heat  treatment  temperature  (8(X)-10{)0  °C)  or  lengthen¬ 
ing  the  soak  time  (10-100  min)  did  not  provide  any  further 
enhancement  to  the  coercivity.  Quenching  from  lower  tem¬ 
peratures  produced  progressively  less  improvement,  and 
quenching  from  temperatures  below  600  °C  produced  no 
change  in  coercivity.  It  must  be  presumed  that  the  change  to 
the  microstructure  during  this  heat  treatment  were  subtle 
since  the  magnetization,  specifically  the  remanence,  did  not 
change.  The  quenched  magnets  did  tend  to  crack  and  they 
often  fractured,  either  upon  quenching  or  when  magnetized. 

Complete  substitution  of  samarium  for  praseodymium  in 
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FIG.  5.  (a)  Remanence  and  (b)  coercivity  of  die-upset  (Pri.,Sm,)|gCog2C 
magnets  vs  samarium  fraction  y.  To  maximize  coercivity,  the  die-upset  mag¬ 
nets  were  first  heated  to  800  before  quenching  in  an  oil  reservoir.  The 
die-upset  (DU)  level  was  53%. 

the  hexagonal  RC05  phase,  where  R=(Pri_j,Smj,),  can 
double  the  room-te^iperature  magnetocrystalline  anisotropy 
with  only  a  small  loss  in  saturation  magnetization 
Consequently,  the  effect  of  even  partial  substi¬ 
tution  (y  <  1)  on  the  coercivity  of  melt-spun  magnets  is  quite 
substantial.  The  coercivities  of  (Pro,6Smo,4)i8Co8iC  (i.e., 
y=0.4)  hot-pressed  and  die-upset  magnets  were  19  and  10.5 
kOe,  respectively  (see  Fig.  4).  After  quenching  the  die-upset 
magnet  had  a  coercivity  of  19.5  kOe,  nearly  twice  the  coer¬ 
civity  of  the  as-pressed  die-upset  magnet  and  even  exceeding 
that  of  the  hot-pressed  precursor.  The  remanence  of  the  die- 
upset  >'=0.4  magnet  (B,=8.3  kG)  was  slightly  less  than  that 
of  the  samarium-free  (>’  =  0)  magnets  (fl,=8.7  kG),  and  in 
fact  the  trend  to  lower  remanences  with  increasing  samarium 
levels  was  nearly  linear  [see  Fig.  5(a)].  The  loss  of  rema¬ 
nence  extrapolates  to  ~20%  at  complete  samarium  substitu¬ 
tion  (>'=!),  more  than  expected  from  the  change  in  the  satu¬ 
ration  magnetization  of  the  RC05  phase.*  Without 
microstructural  analysis  of  these  magnets,  we  can  only 
speculate  that  the  higher  samarium  levels  interfere  with  crys¬ 


tallographic,  alignment  during  deformation,  lowering  the  re¬ 
manence.  As  expected,  coercivities  increased  with  increasing 
samarium  levels  [see  Fig.  5(b)],  with  a  slightly  steeper  in¬ 
crease  at  moderate  levels  (>"50.4).  Accurate  coercivity  mea¬ 
surements  at  high  samarium  levels  were  limited  by  the  field 
of  our  electromagnet. 

By  increasing  the  die-upset  level  to  75%,  we  obtained 
remanences  as  high  as  9.2  kG,  with  coercivities  near  6  kOe 
and  energy  products  of  ~19  MGOe  for  alloys  containing 
small  amounts  of  both  carbon  (j:=1)  and  samarium  (y 
=0.02).  Although  this  is  a  significant  improvement  over  the 
remanence  of  the  isotropic  magnet  kG),  it  is  still  only 
~76%  of  the  saturation  magnetization.  In  comparison,  die- 
upset  Nd-Fe-B-type  magnets  are  capable  of  much  better 
alignment  since  the  remanence  can  exceed  90%  of  the  satu¬ 
ration  magnetization  of  the  Nd2Fei4B  phase. 

Melt-spun  Pr-Co  alloys  can  be  hot  pressed  to  produce 
fully  dense  magnets  with  remanences  near  that  expected  for 
isotropic  magnets,  i.e.,  half  the  saturation  magnetization. 
Further  processing  by  hot  deformation  or  die  upsetting  cre¬ 
ates  crystallographic  texture,  with  the  c  axes  oriented  pref¬ 
erentially  aIo.ng  the  press  direction  of  the  magnet.  This  en¬ 
hances  the  remanence  by  over  35%  relative  to  the  isotropic 
precursor.  Three  methods  have  been  identified  to  enhance  the 
coercivity  of  these  magnets:  (i)  replacing  some  of  the  cobalt 
with  carbon;  (ii)  replacing  some  of  the  praseodymium  with 
samarium;  and  (iii)  brief  high-temperature  heat  treatments 
followed  by  a  thermal  quench. 
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Nonepitaxial  sputter  synthesis  of  aligned  strontium  hexaferrite, 
Sr0-6(Fe203),  films 
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Films  of  strontium  hexaferrite  were  synthesized  through  rf  diode  sputter  deposition,  nonepitaxially 
onto  pclycrystalline  AI2O3  substrates.  So  far  such  films  for  the  analogous  Ba  phase  have  been 
synthesized  mostly  through  epitaxial  growth  onto  suitably  chosen  matching  substrates. 
Crystallization  of  the  strontium  hexaferrite  phase  was  achieved  for  deposition  temperatures  as  low 
as  500  "C.  For  nonepitaxially  synthesized  2-3-yttm-thick  polycrystalline  films,  a  fairly  high  degree 
of  variable  and  controlled  c-axis  orientation  of  the  crystallites  has  been  obtained.  The 
x-ray-diffi-action  traces  of  films  with  a  strong  c-axis  in-plane  alignment  showed  predominantly 
(110)-type  reflections.  The  film  coercivities  were  increased  by  postdeposition  annealing  in  O2.  The 
remnant  to  saturation  flux  density  ratio  of  such  in-plane  anisotropy  films  for  in-plane  measurements 
was  0.62,  with  an  in-plane  coercivity  *«2.3  kOe. 


I.  INTRODUCTION 

Thin  films  of  magnetically  uniaxial  barium  hexaferrite 
and  its  analogue  strontium  hexaferrite  have  many  applica¬ 
tions  in  microwave  devices;*”^  they  also  have  potential  ap¬ 
plications  as  recording  media.'*'*  So  far,  the  synthesis  of 
these  films  has  involved  expensive  epitaxial  growth  on  either 
substrates  of  the  structurally  related  spinels  or  through  the 
matching  of  the  oxygen  planes  of  metal  oxides  in  the  film 
and  the  substrate.*"’  As  expected  from  epitaxial  growth, 
strong  crystallographic  orientation  in  the  film  has  been 
achieved  for  such  cases.  Generally,  in  cases  where  the  films 
were  synthesized  through  sputter  deposition,  crystallization 
was  achieved  through  postdeposition  annealing  of  an  amor¬ 
phous  deposit,  in  an  oxygen  atmosphere  at  a  relatively  high 
temperature,  in  excess  of  800  °C.  Good  quality  crystalline 
films  were  formed  in  this  fashion.’  In  recent  years,  there  has 
been  great  progress  in  the  nonepitaxial  sputter  synthesis  of 
uniaxial,  high-energy  product  rare-earth-transition-metal 
(RE-TM)  permanent  magnet  films.  The  c-axis  orientation  of 
the  crystallites  in  these  polycrystalline  metallic  films  could 
be  controlled  through  sputter  process  control.®  Control  of  the 
c-axis  orientation  in  nonepitaxial  films  of  these  uniaxial 
RE-TM  films  result'.,  only  when  the  deposition  is  carried  out 
at  temperatures  above  the  minimum  crystallization  tempera¬ 
ture.  Anisotropic  nonepitaxial  films  could  not  be  formed  by 
crystallization  of  originally  amorphous  deposits.®  It  would  be 
interesting  to  explore  the  feasibility  of  synthesizing  the  di¬ 
electric  hexaferrites  through  a  similar  procedure.  In  this  ar¬ 
ticle,  we  report  the  nonepitaxial  synthesis  of  strontium  hexa¬ 
ferrite  films  on  polycrystalline  AI2O3  substrates.  The  c-axis 
orientation  of  the  crystallites  in  our  polycrystalline  films  was 
controllable  through  sputter  process  control.  We  were  suc¬ 
cessful  in  synthesizing  crystalline  hexafenite  films  at  tem¬ 
peratures  as  low  as  500  °C.  In-plane  coercivities  as  high  as 
3.8  kOe  were  achieved. 

II.  EXPERIMENT 

All  films  in  this  study  were  synthesized  onto  polycrys¬ 
talline  AI2O3  substrates  having  grain  sizes  in  the  1-2  /rm 
range.  Films  were  deposited  through  planar  diode  sputter 


deposition  with  a  target-to-substrate  distance  of  about  6  cm, 
with  substrate  temperatures  from  500  to  650  °C.  The  stron¬ 
tium  hexaferrite  phase  could  not  be  formed  from  bulk  sput¬ 
tering  targets  of  the  same  composition.  For  films  deposited 
from  commercially  available  strontium  hexaferrite  targets, 
the  sputter  deposition  was  carried  out  for  pressure  ranges 
20-100  fim  and  gas  mixtures  of  Ar  and  up  to  10%  O2.  At  the 
deposition  temperatures  required  to  crystallize  these  films, 
they  were  found  to  be  extremely  deficient  in  Sr  and  the  hexa¬ 
ferrite  phase  could  not  be  formed.  With  100%  Ar,  at  a  pres¬ 
sure  of  100  mTorr  for  deposition  temperature  of  500  ®C,  the 
Sr  to  Fe  atomic  ratio  was  about  30%  of  the  stoichiometric 
value.  The  strontium  concentration  dropped  monotonically 
with  increasing  substrate  temperature,  decreasing  gas  pres¬ 
sure,  and  increasing  oxygen  gas  concentration  in  the  sputter¬ 
ing  gas.  All  of  these  parameters  affect  the  exposure  of  the 
growing  films  to  energetic  bombardment  of  0"  ions.  These 
results  indicated  there  was  a  large  preferential  resputtering  of 
Sr  due  to  bombardment  of  the  film  by  energetic  0"  ions.  To 
compensate  for  the  loss  of  Sr  in  the  film,  custom-made  oxide 
targets  greatly  enriched  in  Sr  with  approximate  composition 
Sr:Fe:0  1:4:7  were  used.  When  sputtering  from  these  targets, 
hexaferrite  films  were  formed  without  the  use  of  O2  in  the 
sputter  gas.  The  oxygen  content  of  the  target  was  sufficient  to 
directly  crystallize  the  films  in  hexaferrite  form. 

III.  RESULTS  AND  DISCUSSION 

Hexaferrite  films  were  synthesized  for  Ar  gas  pressures 
of  100  mTorr  and  deposition  temperatures  from  500  to 
650  ®C.  While  all  the  films  were  crystalline  as  deposited, 
many  films  were  further  annealed  at  the  same  temperature  as 
their  deposition  temperature,  in  an  O2  atmosphere  of  500 
Torr  pressure  for  about  30  min.  All  films  had  a  deposition 
rate  of  around  0.1  /tim/h,  and  thicknesses  around  2-3  yttm. 

Alt  films  deposited  from  the  Sr-rich  targets  at  tempera¬ 
tures  of  500  °C  and  above  formed  in  the  basic  hexaferrite 
structure  of  Pb0-6(Fe203)  as  determined  from  x-ray- 
diffractometer  traces,  using  Cu^fa  radiation;  however,  the 
coercivities  of  the  films  increased  dramatically  on  annealing 
the  films  in  an  oxygen  atmosphere  at  a  pressure  of  500  Torr, 
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TEMPERATURE  (®C) 

FIG.  1.  Hysteresis  loops  of  film  deposited  at  550  °C,  before  (dashed)  and 
after  (solid)  annealing  in  500  Torr  oxygen  for  30  min,  at  550  “C. 

FIG.  3.  Change  in  R  value  with  deposition  temperature. 


for  about  30  min.  The  in-plane  hysteresis  loops  of  films  de¬ 
posited  at  550  ’’C  temperature,  before  and  after  annealing, 
are  given  in  Fig.  1.  The  in-plane  coercivity  increased  from 
«>0.5  to  3.8  kOe  during  the  oxygen  annealing.  The  typical 
grain  size  in  the  polycrystalline  films  was  2500  A  for  depo¬ 
sition  temperature  near  550  °C  as  determined  from  the  scan¬ 
ning  electron  microscopy  (SEM)  micrograph  shown  in  Fig. 
2.  No  change  in  the  grain  size  or  x-ray  patterns  was  notice¬ 
able  as  a  result  of  the  postdeposition  annealing  in  oxygen. 

The  film  easy-axis  orientation,  as  dictated  by  the  average 
c-axis  orientation  of  the  hexaferrite  crystallites  in  the  film, 
was  found  to  be  strongly  dependent  on  the  deposition  tem¬ 
perature.  The  x-ray-diffraction  patterns  of  the  films  showed 
large  departures  from  the  powder  diffraction  pattern.  As  an 


FIG  2  SFM  micrograph  of  the  surface  of  a  strontium  hexaferrite  film 
deposited  at  550  °C.  Each  division  of  the  scale  given  corresponds  to  1500  A. 
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estimate  of  the  degree  of  anisotropy  in  the  film,  we  define  a 
function  R  given  by 

cos  er(/,//o,), 

i 

and 


9,  is  the  angle  between  the  c  axis  of  a  particular  crystallite 
and  the  normal  to  the  film  plane,  /,  are  the  intensities  of 
x-ray-diffraction  lines  of  the  film,  and  /(,,  are  the  correspond¬ 
ing  powder  diffraction  pattern  intensities. 

Function  R  gives  a  measure  of  the  average  c-axis  orien¬ 
tation  with  respect  to  the  film  plane.  The  function  R  is  unity 
for  a  pure  perpendicular  texture  such  as  (001),  zero  for  (h/cO) 
textures,  and  0.5  for  random  c-axis  orientation  as  in  the  pow¬ 
der  diffraction  pattern.  At  present,  we  are  able  to  synthesize 
the  films  with  R  ranging  from  close  to  zero  to  0.5.  The  best 
parallel  value  was  achieved  for  the  lowest  crystallization 
temperature,  500  ®C,  and  on  the  other  end,  an  R  value  of 
*«0.5  was  achieved  for  crystallization  temperatures  from  600 
to  650  °C.  In  other  words,  for  such  temperatures,  the  film 
pattern  resem.bled  a  random  powder.  For  the  Intermediate 
temperatures  the  films  exhibited  mixed  texture  crystallites. 
The  dependence  of  R  value  on  the  deposition  temperature  is 
given  in  Fig.  3. 

The  CuKa  x-ray-diffraction  patterns  of  films  synthesized 
at  deposition  temperatures  of  500, 550,  and  625  °C  are  given 
in  Figs.  4(a),  4(b),  and  4(c),  respectively.  The  diffraction  pat¬ 
tern  of  films  at  deposition  temperatures  exceeding  600  °C 
resemble  the  powder  pattern  of  Sr  hexaferrite  as  in  Fig.  4(c). 
The  dominant  texture  at  500  °C  was  in  plane  (110)  as  in  Fig. 
4(a),  while  at  550  °C  it  was  (114)  as  shown  in  Fig.  4(b).  The 
R  values  for  patterns  in  Figs.  4(a),  4(b),  and  4(c)  were  ap¬ 
proximately  zero,  0.38,  and  0.45,  respectively.  These  R  val¬ 
ues  correspond  to  average  c-axis  orientations  away  from  the 
film  normal  of  90°,  68°,  and  63°,  respectively. 
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FIG.  4.  Cu/^a  x-ray-diffraction  patterns  of  films  synthesized  at  temperatures 
(a)  500  °C,  ^o)  550  °C,  and  (c)  625  °C.  In  (a)  and  (b)  substrate  lines  are 
indicated  through  arrows. 


Magnetic  hysteresis  loops  measured  parallel  and  perpen¬ 
dicular  to  the  plane  of  a  film  synthesized  at  525  °C  are 
shown  in  Fig.  5.  The  diffraction  trace  of  the  film  showed 
predominant  (110)  with  some  (114)  reflections.  The  R  value 
was  estimated  to  be  around  0.15,  corresponding  to  a  c-axis 
orientation  of  81°  with  respect  to  the  film  normal.  For  the 
film,  the  remnant  to  saturation  ratio  was  0.62  in  the  plane, 
and  0.31  perpendicular  to  the  plane  direction. 


I 
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FIG.  5.  Hysteresis  ioops  parallel  and  perpendicular  to  film  plane  for  film 
synthesized  at  525  °C  in  100  mTorr  of  Ar.  X-ray-diffraction  trace  of  film 
showed  predominant  (110)  reflection  with  some  (114)  reflections. 


orientations.  For  deposition  temperatures  near  500  °C,  the 
films  consisted  of  random  in-plane  c-axes  grains.  For  depo¬ 
sition  temperatures  from  600  to  650  °C,  the  films  consisted 
of  grains  with  random  c-axes  orientations  in  three  dimen¬ 
sions. 
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IV.  CONCLUSION 

Crystalline  films  of  strontium  hexaferrite  were  synthe¬ 
sized  nonepitaxially  by  rf  diode  sputtering  in  Ar  onto  poly¬ 
crystalline  AI2O3  substrates  tor  substrate  temperatures  from 
500  to  650  °C.  To  counter  severe  Sr  depletion  during  sput¬ 
tering,  targets  highly  enriched  in  Sr  were  utilized.  After 
deposition  large  increases  in  coercivity  up  to  3.8  kOe,  but 
with  no  apparent  changes  in  x-ray  patterns,  resulted  from 
annealing  the  films  in  500  Torr  O2.  The  films  produced  in 
these  studies  exhibited  crystallites  with  well-defined  c-axes 
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Order-disorder  and  magnetic  exchange  interactions  in  substituted 
strontium  hexaferrite  SrAxFei2-xOi9(A=Ga,  In) 

G.  K.  Thompson  and  B.  J.  Evans 

Department  of  Chemistry,  University  of  Michigan,  Ann  Arbor,  Michigan  48109-1055 

The  unusual  magnetic  behavior  of  the  12k  site  in  SrGa^Fei2_:eOi9  (0.3=Sa:^6.0)  and 
SrIn;cFej2_j:Oi9  (0.3^j:^1.4)  has  been  investigated  by  means  of  ^’Fe  Mossbauer  spectroscopy  at 
298  K.  The  bifurcation  of  the  12k  Mossbauer  subspectrum  into  12ki  and  12A:2  components  of 
widely  differing  intensities  has  been  confirmed  for  both  Ga^^  and  In^"*".  The  bifurcation  is  apparent 
at  X  values  as  low  as  0.3,  and  the  less  intense  12k2  pattern  corresponds  to  an  abmpt  drop  in  the 
hyperfine  magnetic  field  of  50  and  75  kOe  for  Ga^"*"  and  In^’*',  respectively.  for  the  more 
intense  12^i  pattern  is  virtually  unchanged  from  that  of  pure  SrFei20i9  for  jc  values  as  high  as  1.0. 
Room-temperature  Mossbauer  spectra  confirm  that  the  Ga^"*"  and  In^"''  ions  preferentially  occupy  the 
4/2  octahedral  site.  There  are  indications,  however,  that  the  dopants  also  enter  the  2b 
trigonal-bipyramidal  site.  The  change  in  at  the  12k  sites  indicates  that  complex  and  competing 
exchange  interactions  are  present,  and  that  the  splitting  of  the  12k  magnetic  hyperfine  spectrum  is 
not  due  simply  to  random  disruptions  of  the  exchange  interactions.  The  intensities  of  the  12k  ^  and 
12A:2  subspectra  have  been  used  to  model  the  exchange  interactions  at  the  12k  site. 


I.  INTRODUCTION 

The  magnetoplumbite  structure,  MFei20i9  (M=Sr,  Ba, 
Pb),  consists  of  alternating  hexagonal  (R=MFe60tr)  and 
spinel  subunits  (5=Fe60g‘*^)  stacked  along  the  hexagonal  c 
axis.  Within  the  R  block  are  the  trigonal-bipyramidal  2b  and 
octahedral  4/2  Fe^^  sites,  while  the  S  layer  contains  the 
octahedral  2a  and  tetrahedral  4/i  Fe^'*'  ions;  the  12A  octa¬ 
hedral  Fe^^  ions  exist  at  the  R-S  interface.' 

In  addition  to  the  2b  Fe^^  site,  the  octahedral  1 2k  site  of 
the  M-type  hexaferrites  exhibits  very  unusual  crystal  chemi¬ 
cal  and  magnetic  properties.  It  is  clear  that  an  understanding 
of  the  high  magnetocrystalline  anisotropy  and  of  the  rapid 
decrease  in  the  bulk  magnetization  of  the  magnetoplumbite 
hexaferrites  depend  to  a  great  extent  on  an  understanding  of 
the  structure/property  relationships  for  these  two  sites. 

In  previous  investigations,  it  was  reported  that  SrFei20|9 
and  BaFei20i9  substituted  with  Sc^"*^,  Ga^^,  and  In^^  exhib¬ 
ited  Mossbauer  spectra  with  the  1 2k  subpattern  split  into  two 
components.^’^  However,  there  is  still  some  question  as  to 
how  low  a  dopant  let'el  is  required  to  produce  the  12k  bifur¬ 
cation.  In  addition,  further  analysis  of  this  phenomenon 
could  give  valuable  insights  into  the  magnetic  exchange  in- 


TABLE  I.  Lattice  constants  of  substituted  SrFei20|9. 


X 

a  (A)* 

c(A)* 

SrGa^Fei2.,0,9 

0 

5.884 

23.06 

0.3 

5.879 

23.05 

0.5 

5.880 

23.06 

0.8 

5.877 

23.06 

1.0 

5.877 

23.06 

6.0 

5.831 

23.04 

SrIn,Fei2-x  O19 

0 

5.884 

23.06 

0.4 

5.893 

23.09 

0.8 

5.902 

23.13 

1.4 

5.916 

23.18 

“The  error  is  ±0.002  and  ±0.02  A  for  a  and  c,  respectively. 


teractions  of  the  octahedral  12k  Fe^^.  We  present  the  results 
of  such  an  investigation  in  this  article. 

II.  EXPERIMENT 

Polycrystalline  samples  of  SrGa;(Fej2-^Oi9  (x=0.3,  0.5, 
0.8,  1.0,  and  6.0)  and  SrIn^Fei2-^0,9  (x=0.3,  0.4,  0.8,  and 
1.4)  were  prepared  from  SrC03,  Fe203,  Ga203,  and  10303, 
using  solid-state  syntheses  similar  to  those  used  in  earlier 
reports.^’^  Electron  microprobe  analysis  (EMPA)  and  x-ray 
powder  diffractometry  were  “mployed  to  determine  the  com¬ 
position,  phase  purity,  and  lattice  constants  of  the  samples. 
For  each  of  the  substituted  hexaferrites,  room-temperature 
*’Fe  Mossbauer  spectra  were  collected  and  analyzed  as  de¬ 
scribed  in  detail  in  a  previous  article.'* 

III.  RESULTS  AND  DISCUSSION 

The  lattice  parameters  of  substituted  SrFei20i9  are  pre¬ 
sented  in  Table  I;  as  evident  in  Fig.  1,  Vegard’s  law  is  fol¬ 
lowed  by  both  solid  solution  series.^  As  expected,  increasing 


FIG  1.  Plot  of  lattice  parameter  a  vs  moles  of  dopant  per  formula  unit  for 
SrAj,Fei2-;,Oi9. 
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FIG.  2.  ”Fc  Mossbauer  spectra  of  polycrystallinc  SfGa^Fc,2 

substitution  of  by  the  smaller  ions  results  in  a 
gradual  decrease  in  the  dimensions  of  the  unit  cell,  while 
introduction  of  the  larger  In^^  ions  has  the  opposite  effect. 

Selected  Mossbauer  spectra  of  SrGa;tFe|2_;tO|9  and 
SrIn;(Fei2_;(Oi9  at  298  K  are  shown  in  Figs.  2  and  3,  respec¬ 
tively;  the  hyperfine  interaction  parameters  are  presented  in 
Tables  II  and  III.  In  the  case  of  both  substituted  hexaferrites, 
the  bifurcation  of  the  12k  subspectrum  is  visible  at  a  dopant 
concentration  as  low  as  0.3  mol  per  formula  unit.  HfU  for 
I2ki  in  SrGa^Fei2~^Oi9  is  essentially  unchanged  from  that 
of  the  unspli'.  12^  pattern  in  SrFei20i9.  However,  as  the  In^''^ 
ion  concentration  increases  in  SrIn;fFe  i2-;tOi9,  //eff  for  the 
12^1  does  decrease  somewhat  from  that  of  the  12^  pattern 
in  SrFei20i9. 
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FIG.  3.  ^’Fc  Mossbauer  spectra  of  polycrystallinc  Srln^Fe|2_j,' 
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,0„at298  K:  (a)T  =  0;  (b)A:  =  0.3;  (c)t  =  0.5:  (d)T=1.0. 


For  the  12A:2  subspectrum  of  SrGa;fFe,2_jtOi9  and 
SrIn;tFe,2-;fOi9,  is  roughly  constant  at,  respectively,  50 
and  75  kOe  lower  than  that  of  the  12*  pattern  for  SrFei20i9. 
Despite  the  near  constancy  of  H^ff  for  the  1 2^2  subspectrum, 
its  intensity  exhibits  remarkable  increases  as  x  increases.  In¬ 
deed,  for.v^l.0  and  0.8  for  Ga^'*'  and  In^"^,  respectively,  the 
12A:|  and  12k2  subspectra  have  comparable  relative  intensi¬ 
ties.  By  the  time  x  reaches  a  value  of  6.0  for 
SrGa;jFe,2_^Oi9,  the  Mossbauer  spectrum  at  298  K  consists 
only  of  a  pair  of  partially  resolved  quadrupole  doublets,  in¬ 
dicating  a  significant  drop  in  the  Curie  temperature  Tc- 
Analysis  of  the  area  ratios  of  the  Mossbauer  spectra 
(Tables  II  and  III)  confirms  that  the  dopant  ions  are  entering 
the  octahedral  4/2  site.  In  compensation  for  the  loss  of  in- 
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'19  at  298  K:  (a)  jr  =  0;  (b)  ;r  =  0.4;  (c)  jf  =  0.8;  (d)  ;t=1.4. 
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TABLE  II.  Mdssbauer  parameters  for  SrGa^Fei2-;,Oi9  at  298  K. 


X 

Fe^'- 

site 

H.tt' 
(mm  s'*) 

AEg' 

(mm  s'*) 

5' 

(mm  s'*) 

Area  % 

0 

2a 

503 

0.01 

0.36 

5.9(4) 

0.3 

499 

0.10 

0.36 

9(1) 

0.5 

A92 

0.12 

0.35 

8(1) 

0.8 

494 

0,14 

0.36 

9(2) 

1.0 

495 

0.16 

0.36 

9(1) 

0 

2b 

408 

2.26 

0.30 

6.8(6) 

0.3 

408 

2.16 

0.25 

5.6(7) 

0.5 

405 

2.20 

0.27 

5.6(8) 

0.8 

402 

2.21 

0.27 

6(1) 

1.0 

399 

2.02 

0.18 

8(2) 

0 

4/. 

491 

0.16 

0.26 

18(1) 

0.3 

484 

0.17 

0.27 

22(1) 

0.5 

482 

0.15 

0.27 

21(1) 

0,8 

477 

0.13 

0.27 

22(2) 

1.0 

476 

0.11 

0.26 

25(1) 

0 

4/2 

518 

0.27 

0.36 

20(1) 

0.3 

514 

0.26 

0.37 

14(1) 

0.5 

512 

0.26 

0.37 

16(1) 

0.8 

509 

0.26 

0.37 

12(1) 

1.0 

508 

0.26 

0.36 

9.6(5) 

0 

12k, 

411 

0  39 

0.35 

49(1) 

0.3 

411 

0.39 

0.35 

41(1) 

0.5 

411 

0.39 

0.35 

36(1) 

0.8 

409 

0.40 

0.35 

32(1) 

1.0 

408 

0.39 

0.35 

28(1) 

0 

12k2 

... 

... 

... 

0.3 

358 

0.44 

0.40 

9(1) 

0.5 

362 

0.40 

0.36 

13(1) 

0.8 

361 

0.41 

0.37 

19(1) 

1,0 

359 

0.44 

0.38 

20(1) 

'Estimated  errors  in  //,ff ,  ,  and  <S  (relative  to  Fe  metal)  are  i  1  kOe, 

iO.OS  mm  s'*,  and  t0.02  mm  s'*,  respectively. 


tensity  in  the  4/2  pattern,  the  areas  of  the  octahedral  2a  and 
tetrahedral  4f^  subspectra  increase  with  the  dopant  concen¬ 
tration;  the  area  of  the  combined  \2k^  and  12^2  subspectra 
remains  essentially  constant.  There  also  appears  to  be  a  small 
decrease  in  the  area  of  the  trigonal-bipyramidal  2b  pattern, 
suggesting  the  occurrence  of  some  substitution  in  the  site. 
The  large  uncertainties  of  the  area-percent  values  in  the  vari¬ 
ous  subspectra,  however,  do  not  allow  for  a  more  definitive 
conclusion  in  the  case  of  the  2b  pattern. 

IV.  CONCLUSION 

This  investigation  has  verified  that  doping  SrFei20i9 
with  as  little  as  0.3  mol  per  formula  unit  of  Ga^^  or  In^^  ions 
results  in  the  bifurcation  of  the  1 2k  octahedral  subspectrum. 
This  splitting  is  due  to  a  change  in  the  magnetic  exchange 


TABLE  III.  ®^Fe  Mdssbauer  parameters  for  SrIn;jFei2_;tOi9  at  298  K. 


X 

Fe^'" 

site 

Hctt' 

(mm  s'*) 

AEg- 
(mm  s'*) 

S‘ 

(mm  s'*) 

Area  % 

0 

2a 

503 

0.01 

0.36 

5.9(4) 

0,3 

492 

0.24 

0.43 

6.9(3) 

0.4 

492 

0.28 

0.44 

8.8(7) 

0.8 

492 

0.27 

0.45 

15(2) 

1.4 

481 

0.28 

0.44 

10(1) 

0 

2b 

408 

2.26 

0.30 

6.8(6) 

0.3 

390 

1.91 

0.18 

7.4(1) 

0.4 

388 

1.77 

0.18 

6.4(7) 

0.8 

392 

1.98 

0.18 

5.7(8) 

1.4 

388 

1.99 

0.17 

6.0(9) 

0 

4/. 

491 

0.16 

0.26 

18(1) 

0.3 

486 

0.10 

0.26 

26(0) 

0.4 

486 

0.07 

0.25 

28(1) 

0.8 

483 

0.07- 

0.23 

27(1) 

1.4 

474 

0.09 

0.23 

22(2) 

0 

4/2 

518 

0.27 

0.36 

20(1) 

0.3 

514 

0.28 

0.37 

13(0) 

0.4 

513 

0.27 

0.37 

11(0) 

0.8 

510 

0.28 

0.37 

7(1) 

1.4 

503 

0.38 

0.36 

5.4(7) 

0 

12k, 

411 

0.39 

0.35 

49(1) 

0.3 

408 

0.38 

0.36 

31(0) 

0.4 

409 

0.38 

0.36 

32(1) 

0.8 

407 

0.38 

0.35 

27(1) 

1.4 

403 

0.38 

0.36 

21(1) 

0 

12k2 

... 

... 

... 

0,3 

339 

0.46 

0.40 

16(0) 

0.4 

338 

0.50 

0.42 

15(1) 

0.8 

337 

0.50 

0.39 

23(2) 

1.4 

334 

0.52 

0.41 

30(1) 

'Estimated  errors  in  //jo,  4Eq  ,  and  S  (relative  to  Fe  metal)  are  ±I  kOe, 
±0.03  mm  s'*,  and  ±0.02  mm  s'*,  respectively. 


interactions  of  some  of  the  12^  Fe^^  ions  as  increasing 
amounts  of  the  diamagnetic  dopant  enter  the  4/2  site,  and 
possibly  the  2b  site.  The  fact  that  the  magnitude  of  the  hy- 
perfine  magnetic  field  of  the  12A:i  and  12A:2  patterns  remains 
almost  constant  with  increasing  levels  of  substitution  implies 
that  the  \  2k  splitting  is  not  due  simply  to  random  changes  in 
the  exchange  interactions. 

*  X.  Obradors,  X.  Solans,  A.  Collomb,  D.  Samaras,  J.  Rodriguez,  M.  Fernet, 
and  M,  Font-Altaba,  J.  Solid  State  Chem.  72,  218  (1988). 

^G.  Albancse,  G.  Asti,  and  P.  Batti,  Nuovo  Cimento,  B  58,  467  (1968). 
^G.  Albanese,  A.  Deriu,  E.  Lucchini,  and  G.  Slokar,  Appl.  Phys.  A  26,  45 
(1981), 

'B.  J.  Evans,  F.  Grandjean,  A.  P.  Lilot,  R.  H.  Vogel,  and  A.  Gerard,  J. 
Magn.  Magn.  Mater.  67,  123  (1987). 

*B.  D.  Cullity,  Elements  of  X-ray  Diffraction  (Addison-Wesley,  Reading, 
MA,  1978,  p.  376. 
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Enhanced  remanence  in  isotropic  Fe>rich  melt-spun  Nd-Fe-B  ribbons 
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High  isotropic  remanences  and  energy  products  have  been  obtained  in  melt-spun  Nd-Fe-B  samples 
with  a  fine  grained  mixture  of  a-Fe  and  Nd2Fei4Bi  containing  more  than  50  wt  %  of  a-Fe.  Reduced 
remanences  as  high  as  0.78  with  high  saturation  magnetization  (190  emu/g)  led  to  of  14 

MGOe.  The  coercivities  varied  from  2-4  kOe  for  samples  with  70-50  wt  %  a-Fe,  respectively. 
Reversible  demagnetization  curves  were  observed  consistent  with  the  “exchange  spring” 
mechanism. 


I.  INTRODUCTION 

Anisotropic  Nd-Fe-B  magnets  have  been  widely  used  in 
industry  because  of  their  excellent  properties  with  energy 
products  (S//)„ax  exceeding  40  MGOe.  In  isotropic  bonded 
magnets  the  maximum  energy  products  are  below  12  MGOe 
because  of  the  low  reduced  remanent  magnetization 
(MfIMs).  However,  in  the  past  high  remanence  values  were 
obtained  in  isotropic  melt-spun  Nd-Fe-B  ribbons  via  addi¬ 
tions  of  Si  and  Al.'  It  was  shown  that  these  high  remanence 
values  were  the  results  of  a  uniform  fine  microstructure  with 
small  (18  nm)  grain  sizes  and  with  exchange  interaction  be¬ 
tween  adjacent  2:14:1  grains.^  Davis,  Manaf,  and  Zhang^ 
also  observed  high  remanence  in  Nd-Fe-B  ribbons  without 
any  additions  of  Si  or  Al.  More  recently,  theoretical  studies 
have  predicted  high  energy  products  in  magnets  consisting  of 
a  mixture  of  hard  and  soft  phases  which  are  exchange 
coupled  through  a  uniform  and  fine-grained  microstructure.'’ 
Coehroon,  De  Mooji,  and  De  Waard^  obtained  in  Nd4Fe77B|9 
a  microstructure  consisting  of  a  fine  mixture  of  Nd2Fe,4Bi 
and  Fe3B  grains  with  a  maximum  energy  product  of  12 
MGOe. 

In  this  work  we  have  studied  the  magnetic  and  structural 
properties  of  Nd2Fei4Bi/Fe  composite  magnets  with  high  Fe 
content.  The  samples  studied  can  be  grouped  in  three  catego¬ 
ries  according  to  the  percentage  of  2:14:1  and  a-Fe  phases 
present:  50  wt%  a-Fe/50  wt  %  2:14:1;  70  wt  %  a-Fe/30 
wt  %  2:14:1;  and  a-Fe/2:14:l/Fe3B.  Throughout  the  text 
these  samples  are  referred  to  as  A,  B,  and  C,  respectively. 

II.  EXPERIMENT 

NdxFej,Bj  ingots  with  different  composition  (3^x^8, 
80^>’=s90,  4^2^15)  were  prepared  by  arc  melting  the 
constituent  elements  in  an  argon  atmosphere.  Pieces  of  the 
ingot  were  melt  spun  from  a  quartz  tube  having  an  orifice 
diameter  of  ~  1  mm.  A  wheel  speed  in  the  range  of  25-35 
m/s  was  used.  The  resulting  ribbons  were  heat  treated  at 
different  times  and  temperatures  to  optimize  the  magnetic 
properties.  X-ray  diffraction  (CuX„)  was  used  to  identify  the 
phases  present  and  selected  samples  were  studied  using 
Mossbauer  spectroscopy.  The  hysteresis  loops  were  mea¬ 
sured  in  a  vibrating  sample  magnetometer  (VSM)  with  a 
maximum  field  of  20  kOe  on  long  sample  pieces  to  minimize 
dentagnetization  effects.  Selected  samples  were  also  mea¬ 


sured  in  a  superconducting  quantum  interference  device 
(SQUID)  magnetometer  with  a  maximum  field  of  55  kOe. 
The  microstructure  of  samples  with  optimum  coercivity  was 
studied  by  transmission  electron  microscopy  (TEM). 

III.  RESULTS  AND  DISCUSSION 

The  melt-spun  ribbons  were  found  by  x  ray  to  be  amor¬ 
phous  (and/or  microcrystalline)  in  structure.  Annealing  the 
ribbons  at  around  700  °C  for  20-60  min  resulted  in  a  two- 
phase  microstructure  consisting  of  2:14:1  and  a-Fe  for 
samples  A  and  B,  and  a  three-phase  mixture  of  2:14:1,  Fe3B, 
and  a-Fe  in  the  high-boron  sample  (sample  C)  as  indicated 
by  x-ray  and  thermomagnetic  data  (see  Figs.  1  and  2).  Moss¬ 
bauer  results  on  sample  A  showed  55%  2:14:1  and  45% 
a-Fe.  In  the  same  sample  there  is  an  intermediate  magnetic 
phase,  formed  by  a  low-temperature  heat  treatment  (600  °C/ 
20  min),  with  a  Curie  temperature  of  about  200  °C.  Our 
structural  data  indicate  that  this  phase  is  the  R3Fe52Bi4  bcc 
phase  reported  by  Buschow,  De  Mooji,  and  Coehroon®  with 
a  =  1.235  nm. 

A  TEM  micrograph  of  sample  A  with  optimum  coerciv¬ 
ity  is  shown  in  Fig.  3.  The  average  size  of  the  grains  is  about 


FIG.  1.  X-ray  diffraction  (CuXa)  pattern  of  sample  A  (50  wt%  a-Fe/50 
wt  %  Nd2Fc,4Bl  showing  bcc  Fe  and  2.14.1  peaks.  (Only  part  of  the  {110} 
bcc  Fe  reflection  is  shown.) 
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FIG.  2.  Temperature  dependence  of  magnetization  for  sample  C 
(a-Fe/Nd2Fe|4B/Fe3B)  showing  the  three  magnetic  phases. 


-20  -10  0  10  20 
Field  (kOe) 

FIG.  4.  Hysteresis  loop  showing  high  rcmp.ience  values. 


50  nm  in  diameter.  The  dark-field  observations  show  the 
grains  of  a-Fe  to  be  uniformly  distributed  in  the  sample. 

Optimally  annealed  sample  A  had  a  coercivity  of  4  kOe 
along  with  a  magnetization  of  155  emu/g  at  20  kOe  and  a 
remanence  value  of  110  emu/g.  The  corresponding  values  for 
sample  B  were  kOe,  A/s=185  and  Mf-XAS  emu/g. 

The  reduced  remanences  {mn=M^IMs)  were  0.71  and  0.78, 
respectively,  for  samples  A  and  B  (see  Fig.  4).  These  values 
are  much  higher  than  the  0.50  value  expected  for  an  assem¬ 
bly  of  randomly  distributed  and  noninteracting  single- 
domain  particles  with  uniaxial  anisotropy.  Loops  measured 
along  and  transverse  to  the  ribbon  length  in  the  plane  of  the 
ribbon  showed  essentially  the  same  remanence  indicating 
that  the  ribbons  are  isotropic.  The  maximum  energy  product 
was  estimated  using  the  second  quadrant  data  on 
long  ribbon  samples  with  negligible  demagnetization  factors. 
Furthermore,  the  density  of  the  material  was  taken  to  be  7.60 
g/cm^  (density  of  Nd2Fei4Bj),  although  the  Nd2Fei4Bi  phase 
content  is  about  50  wt  %  or  less,  regardless  of  the  sample 
composition.  A  summary  of  the  magnetic  data  is  shown  in 
Table  I. 


FIG.  3.  A  TEM  micrograph  of  optimally  annealed  sample  A  (50  wt  % 
a-Fe/50  wt  %  Nd2Fe|4B). 


Figure  5  shows  the  temperature  dependence  of  coerciv¬ 
ity  measured  up  to  140  °C  for  both  A  and  B  samples.  The 
temperature  coefficients  were  calculated,  assuming  a  linear 
dependence,  according  to  the  following  formula: 


H,(T2)-H,iT0 

(T2-r,)//,(T,) 


100, 


and  were  found  to  be  -0.39  and  -0.55  %/°C  for  A  and  B, 
respectively. 

The  variation  of  remanence  with  temperature  was  also 
measured  for  the  same  samples  and  is  shown  in  Fig.  6.  The 
corresponding  coefficients  calculated  using  the  same  formula 
arc  -0.06  and  -0.07  %/°C.  The  temperature  coefficients  of 
coercivity  are  close  to  those  of  pure  2:14:1  ribbons  while  the 
temperature  coefficients  of  remanence  are  much  lower.’ 
Heating  the  samples  above  the  Curie  temperature  of  the 
Nd2Fei4Bi  phases  reduces  the  remanent  magnetization  to  a 
low  but  nonzero  value. 

The  high  reduced  remanence  values  indicate  an  ex¬ 
change  coupling  between  the  grains  of  the  hard  and  soft 
phases.  As  a  consequence  of  this  coupling  there  is  a  larger 
degree  of  reversibility  in  the  demagnetization  behavior.  Ac¬ 
cording  to  Kneller  and  Hawig'*  the  magnetization  would  re¬ 
turn  to  the  remanent  configuration  reversibly  for  reverse 
fields  lower  than  the  nucleation  field.  We  have  measured  the 
dc  demagnetization  curves  by  applying  progressively  in¬ 
creasing  reverse  fields  and  measuring  the  remanence  values 
corresponding  to  each  such  field,  thus  obtaining  A 

plot  of  [M,(0)-MXH)]/2MX0)  (=-AA/,/2M,)  versus 


TABLE  I.  Room-temperature  coercivitics  (kOe),  remanence  (kG),  and  esti¬ 
mated  maximum  energy  product  (MGOe)  for  the  three  samples. 


Sample 

fic 

Br 

50  wt  %  a-Fc/5C  wt  %  NdiFe^B 

3.10 

3.80 

10.4 

9.78 

70  wt  %  a-Fe/SO  wt  %  Nd2Fe|4B 

2.60 

2.70 

14,5 

14.45 

Nd2Fci4B/Fe3B/«-Fe 

2.18 

2.40 

12.3 

9.10 
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Temperature  (°C) 


FIG.  5.  The  variation  of  coercivity  (normalized  by  their  room-temperature 
value)  with  temperature, 

reverse  field  is  shown  in  Fig.  7  for  sample  A  with  a  coercive 
field  of  3.6  kOe.  The  change  in  AA/,  is  very  small  up  to 
fields  of  about  2.6  kOe  which  corresponds  to  the  reversible 
region  of  the  demagnetization  curve.  At  higher  reverse  fields 
AA/f  increases  rapidly  due  to  the  irreversible  rotation  of 
magnetic  moments. 


FIG.  6.  Temperature  dependence  of  remanent  majjnetization  for  samples  A 
(50  wt%  a-Fe/50  wt%  Nd2Fei4B)  and  B  (70  wt%  a-Fe/30  wt% 
Nd2Fe,4B). 


FIG.  7.  A  plot  of  [M,(0)-M,(//)]/2M,(0)  ( =  -  AAf ,/2A/,)  vs  reverse 
field  for  sample  A  (50  wt  %  a-Fe/50  wt  %  Nd2Fe,4B)  with  a  coercivity  of 
3.6  kOe  showing  reversibility  in  the  demagnetization  -urves. 


IV.  CONCLUSIONS 

High  reduced  remanences  (up  to  0.78)  and  energy  prod¬ 
ucts  (up  to  14  MGOe)  have  been  obtained  in  Fe-rich  Nd- 
Fe-B  samples  with  a  mixture  of  a-Fe  and  Nd2Fei4B,  grains 
which  are  believed  to  be  the  result  of  exchange  coupling 
across  the  grain  boundaries. 
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The  magnetic  and  structural  properties  of  mechanically  alloyed  Nd2Fej4B+  (Fe,  FeCo)  powders 
have  been  investigated  over  a  wide  range  of  temperatures.  X-ray  diffraction  patterns  on  samples 
milled  for  48  h  showed  that  the  powders  had  a  two-phase  structure  consisting  of  a  disordered 
Nd-Fe-B  alloy  and  a-Fe  with  a  fine  grain  size  about  140  A.  Enhanced  magnetic  remanence  in  the 
range  of  95-105  emu/g  with  reduced  remanence  a=M^IM ,.=0.60-0.68  and  a  coercivity  //<.=4-6 
kOe  have  been  obtained  after  annealing  at  650-750  °C.  This  behavior  is  the  result  of  an  exchange 
coupling  between  the  hard  and  soft  phases  with  small  grain  sizes,  about  500  and  200  A,  respectively. 


I.  INTRODUCTION 

Mechanical  alloying  has  been  widely  used  in  a  number 
of  laboratories  as  an  attractive  technique  for  manufacturing 
permanent  magnets.  With  this  process  ultrafine  composite 
particles  are  formed  during  milling  in  a  high-energy  ball  mill 
with  leads  to  very  high  coercivities  after  a  suitable  heat 
treatment.*"’  A  possible  way  to  increase  the  remanence  in 
mechanically  alloyed  powders  is  to  use  nanocrystalline  ma¬ 
terials  consisting  of  a  mixture  of  hard  and  soft  magnetic 
phases.  The  composite  magnets  may  retain  high  values  in 
both  remanence  and  coercivity  when  an  exchange  coupling 
extends  across  the  interface  of  the  hard  and  soft  phases.*’^ 

In  this  article,  the  magnetic  and  structural  properties  of 
mechanically  alloyed  Nd-Fe-B  nanocomposite  powders  have 
been  investigated  over  a  wide  range  of  temperatures. 

II.  EXPERIMENT 

Alloys  of  R^Fej,B,MH,  (R=Nd,  Tb;  M=Nb)  with 
5^^15,  77^  >"=290,  5^z^8,  and  Fe-Co  were 

prepared  by  arc  melting  using  high-purity  elements.  The  me¬ 
chanically  alloyed  samples  were  prepared  in  a  high-energy 
ball  mill  (SPEX  8000  mixer/mill)  using  powders  with  a  par¬ 
ticle  size  about  150  yirm  and  pure  Fe  powders  with  a  particle 
size  of  about  40  ;tm.  The  mechanically  alloyed  powders 
were  heat  treated  in  the  temperature  range  of  600-900  °C  for 
15-60  min  under  a  vacuum  of  10"*  Torr. 

The  structure  of  the  powders  was  determined  using  a 
Phillips  x-ray  diffractometer  (APD3520).  The  mean  grain 
size  of  the  powders  was  measured  from  the  x-ray  line  broad¬ 
ening  using  the  Scherrer  formula.** 

The  magnetic  properties  of  the  powders  were  measured 
with  a  vibrating  sample  magnetometer  (VSM)  in  fields  up  to 
20  kOe  and  with  a  superconducting  quantum  interference 
device  (SQUID)  magnetometer  in  fields  up  to  55  kOe.  A 
rough  estimate  of  the  saturation  magnetization  was  made 
using  the  law  of  approach  to  saturation  by  plotting  M  as  a 
function  of  1///’  and  extrapolating  the  infinite  fields  with  a 
relative  enor  less  than  5%.  The  remanence  was  measured  at 
//jff=0,  where  the  effective  magnetic  field 
H^ff=Ha-Hj=Ha-4'rrNM,  and  N  is  the  demagnetization 
factor.  For  the  samples  measured  with  the  VSM,  N  was  de¬ 
termined  from  the  diameter/length  ratios  of  the  cylindrical 


compacted  samples.  For  the  SQUID  powdered  samples,  an 
N=l/3  was  used  because  of  the  nearly  spherical  shape  of  the 
particles. 

III.  RESULTS  AND  DISCUSSION 
A.  Nd2Fei4B  and  Nd2Fei4B-f-Fe 

The  Nd2Fe4B  system  was  chosen  for  the  initial  detailed 
study.  After  ball  milling  for  48  h  the  Nd2Fei4B  alloy  powders 
had  a  mixture  of  an  amorphous  Nd-Fe-B  structure  and  a-Fe 
with  a  fine  grain  size  about  140  A  [see  Fig.  1(A)].  The  me¬ 
chanically  alloyed  powders  were  heat  treated  in  the  tempera¬ 
ture  range  of  600-900  ®C  to  form  the  2:14:1  phase.  The 
diffraction  pattern  of  powders  heat  treated  at  800  °C  for  30 
min  is  shown  in  Fig.  1(B).  A  small  amount  of  a-Fe  was  still 
found  in  the  powders  to  coexist  with  the  2:14:1  phase  form¬ 
ing  a  nanocomposite  magnet.  An  addition  of  10  wt  %a-Fe 
was  used  to  increase  the  amount  of  Fe  in  the  nanocomposite 
Nd2Fei4B+Fe  samples.  The  Nd2Fei4B  and  Nd2Fei4B-l-Fe 
powders  were  prepared  with  the  same  milling  and  heat- 
treating  conditions.  The  coercivity  and  the  reduced  rema¬ 
nence  a=MflMj  of  the  two  powders  after  a  heat  treatment  at 
600-900  ®C  are  shown  in  Fig.  2.  The  highest  coercivity  7.4 
kOe  was  obtained  in  the  Nd2Fei4B  after  a  heat  treatment  at  a 
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FiG.  1.  X-ray-diffraction  patterns  of  Nd2Fei4B  mechanically  alloyed  pow¬ 
ders:  (A)  the  powders  after  ball  milling  for  48  h;  (B)  after  heat  treating  at 
800  °C  for  30  min. 
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FIG.  2.  The  coercivity  and  the  reduced  remanence  a=M,IM,  of  the 
Nd3Fe|4B  and  +Fe  powders  heat  treated  at  different  temperatures. 

temperature  of  750  "C.  The  grain  size  of  the  Nd2Fei4B  phase 
was  about  500  A  and  it  did  not  depend  on  the  milling  inten¬ 
sity  but  on  the  annealing  temperature.*'  The  coercivity  was 
low  in  samples  annealed  at  both  lower  and  higher  tempera¬ 
tures  because  the  grain  size  was  either  too  small  or  too  large, 
respectively.  The  coercivity  of  Nd2Fei4B-i-Fe  powders  was 
reduced  by  1-2  kOe  as  compared  to  the  Nd2Fei4B  powders. 
However,  a  strong  exchange  coupling  between  the  hard  and 
soft  phase  was  observed  for  annealing  at  temperatures  below 
700  °C  which  led  to  an  increase  in  remanence.  The  reduced 
remanence  of  the  powders  was  very  high  (a=0.64)  when  the 
grain  size  of  the  soft  phase  was  about  150-200  A  and  it 
decreased  drastically  with  annealing  temperature  dropping  to 
0.51  at  880  °C  which  is  below  that  of  Nd2Fej4B  powders 
(see  Fig.  2).  It  appears  that  the  exchange  coupling  decreases 
substantially  at  the  higher  heat-treatment  temperatures  be¬ 
cause  the  grain  size  of  a-Fe  is  much  larger  than  the  critical 
dimension  for  optimum  coupling.  For  the  optimum  proper¬ 
ties,  it  is  important  that  the  soft  phase  has  a  small  grain  size 
close  to  that  of  the  magnetic  hard  phase.  Typical  magnetic 
properties  of  Nd2Fei4B  and  Nd2Fei4B+Fe  samples  are  sum¬ 
marized  in  Table  I.  With  the  addition  of  10  wt  %  Fe  the 
saturation  magnetization  and  the  reduced  remanence  was  in¬ 
creased  from  153  to  158  emu/g  and  from  0.59  to  0.60,  while 
He  was  reduced  from  7.4  to  6.0  kOe. 

B.  Nd.|5F677B3'f'X  wt  %{F67oC03o) 

An  attempt  was  made  to  increase  the  coercivity  of  the 
nanocomposite  magnets  by  using  Nd-rich  Nd-Fe-B  alloys 
which  have  been  known  to  have  high  coercivities  in  me- 


TABLE  I.  Magnetic  properties  of  the  mechanically  alloyed  powder  samples. 


Samples 

Af, 

(emu/g) 

Hr 

(emu/g) 

a  (Mr/Ms) 

(kOe) 

Nd2Fe,4B 

153 

90 

0.59 

7.4 

Nd2Fe,4B+Fe  (10  wt  %) 

158 

94 

0.60 

6.0 

Nd2Fe,4B-t-FeNb  (45  wt  %) 

162 

101 

0.62 

4.4 

(NdlhljFeuB+FeNb  (45  wt  %) 

154 

104 

0.68 

6.0 
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FIG.  3.  Magnetization  curves  of  the  Ndj5Fe77Bg+x(Fe7oCo3o)  with  samples 
x=0,  20,  and  40  wt  %. 


chanically  alloyed  Ndi5Fe77B8  samples.*^  Also,  a  mechani¬ 
cally  alloyed  Fejoo-;tCo,  sample  showed  the  highest  satura¬ 
tion  magnetization  with  x  about  30  at  %,*^  which  is  very 
close  to  that  of  as-cast  alloys.*'*  The  magnetization  curves  of 
Ndj5Fe77B8+A:(Fe7oCo3o),  x=0,  20,  and  40  wt  %,  nanocom¬ 
posite  magnets  after  optimum  heat  treatment  are  shown  in 
Fig.  3.  The  saturation  magnetization  was  increased  from 
126  to  156  emu/g  when  x  varied  from  0  to  40  wt  %,  and  the 
coercivity  H^  was  decreased  from  19.6  to  5.5  kOe.  However, 
an  increase  in  the  magnetic  remanence  has  been  observed  in 
the  Ndi5Fe77B8+Fe7oCo3o  samples.  In  reality,  the  total  ratio 
in  the  weight  percent  of  transition  element  (Fe  or  FeCo)  and 
rare-earth  Nd  was  almost  the  same  (Fe/Nd  and  FeCo/Nd 
3.07)  in  both  samples  of  Nd2Fei4B+Fe  10  wt  %  and 
Ndi5Fe77B8+(Fe7oCo3o)  40  wt  %;  but,  the  remanence  of  the 
Ndi5Fe77B8+(Fe7oCo3o)  40  wt%  (A/r=100  emu/g)  was 
higher  than  that  of  Nd2Fe]4B+Fe  10  wt  %  (A/,=95  emu/g). 
This  increase  in  was  accompanied  by  a  similar  increase 
in  the  reduced  remanence  a,  a=0.64  for 
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FIG.  4.  Tile  coercivity  and  grain  size  of  Nd-Fe-B+FeNb  mechanically 
alloyed  powders  after  different  heat-treated  temperatures. 
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FIG.  5.  Hysteresis  loops  of  the  Nd-Fe-B+FcNb  and  NdTb-Fe-B+FeNb 
mechanically  alloyed  powders. 


Ndj5Fe77Bg+(Fe7oCo3o)  40  wt%  and  a=0.60  for 
Nd2Fei4B+Fe  10  wt  %  (see  Detail  data  in  Table  I  and  Fig. 
3). 

C.  NdjFe^^B  with  FeNb  alloy 


esis  loop  of  the  sample  with  demagnetization  factor 
iV= 0.295  after  annealing  at  650  “C  for  30  min  is  also  shown 
in  Fig.  5(B);  here,  M^=154  emu/g  (47rMj=14.7  kG), 
A/,. =104  emu/g  (47rMr=9.97  kG),  and  a=0.68.  The  mag¬ 
netic  properties  of  the  samples  are  also  summarized  in  Table 
I.  The  enhancement  in  magnetic  remanence  for  NdTb-Fe-B 
+FeNb  powders  can  be  attributed  to  both  an  increase  in  the 
magnetic  anisotropy  and  coercivity  of  the  hard  phase  and  a 
reduction  in  grain  size  of  the  soft  phase  at  the  low  annealing 
temperatures. 

IV.  CONCLUSIONS 

Enhanced  magnetic  remanence  has  been  obtained  in  me¬ 
chanically  alloyed  Nd-Fe-B  powders  with  a  microstructure 
consisting  of  a  mixture  of  hard  and  soft  magnetic  phases. 
The  large  reduced  remanence  a;=0.60-0.68  is  the  result  of 
magnetic  exchange  coupling  between  the  hard  and  soft 
phases  with  small  grain  size  of  about  500  and  200  A,  respec¬ 
tively. 
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Mb  additions  in  Nd-Fe-B  alloys  have  been  found  to  in¬ 
crease  the  crystallization  temperature  by  about  100  °C  and 
coercivity  He  significantly.*^  The  enhancement  in  coercivity 
was  attributed  to  the  presence  of  small  precipitates  within  the 
hard  magnetic  phase.'®  The  grain  size  of  the  FeNb  alloy  in 
the  amorphous  Nd-Fe-B  was  about  140  A  after  ball  milling 
for  48  h  and  increased  to  640  A  after  a  heat  treatment  at 
800  "C  for  30  min.  The  dependence  of  coercivity  and  grain 
size  for  Nd2Fei4B-l-FeNb  on  annealing  temperature  is  shown 
in  Fig.  4.  The  annealing  temperature  for  highest  coercivity 
//c=4.4  kOe  was  about  700  °C  with  the  grain  size  of  the 
FeNb  alloy  around  300  A.  A  typical  hysteresis  loop  of  a 
cylindrical  shape  sample  with  demagnetization  factor 
N=0.23  is  shown  in  Fig.  5(A).  The  experimental  data 
showed  a  saturation  magnetization  A/^=162  emu/g 
(4TrA/j=15.4  kG),  the  magnetic  remanence  A/,=101  emu/g 
(47rA/,=9.63  kG),  and  a=0.62.  A  partial  substitution  of  Tb 
for  Nd  in  mechanically  alloyed  powders  led  to  increase  in 
the  coercivity  up  to  6.0  kOe  at  room  temperature.  A  hyster¬ 
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Microstructure  of  high-remanence  Nd-Fe-B  alloys  with  low-rare-earth 
content 
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V.  Panchanathan 

Magnequench—Delco  Remy  Division,  General  Motors  Corporation,  Anderson,  Indiana  46013 

The  microstructure  and  magnetic  properties  of  bonded  and  fully  dense  magnets  produced  from 
melt-spun  ribbons  of  the  composition  RE4jTM76GajB|8j  have  been  investigated,  where  RE  refers 
to  a  mixture  of  Nd  and  Dy,  and  TM  refers  to  a  mixture  of  Fe  and  Co.  Results  show  that  annealing 
overquenched  ribbons  with  about  3  wt.  %  Dy  and  3  wt.  %  Co  at  700  ®C  can  produce  materials  with 
//ci-4  kOe,  B,=11.5  kG,  and  14.5  MGOe,  the  latter  being  comparable  to  those  of 

commercial  ribbons  containing  three  times  as  much  Nd.  The  microstructure  of  annealed  ribbons 
consists  of  about  30%  Nd2Fei4B  grains,  65%  Fe3B  grains,  and  5%  a-Fe  grains.  The  grains  of  all  the 
phases  are  nearly  spherical.  The  grain  diameters  are  in  the  30-50  nm  range.  Hot-pressed  magnets 
made  from  overquenched  ribbons  are  fully  isotropic,  with  magnetic  and  microstructural 
characteristics  similar  to  those  of  the  annealed  ribbons.  The  high  remanence  and  low  coercivity 
correlate  well  with  the  microstructure  consisting  of  a  uniform  mixture  of  the  hard  Nd2Fei4B  phase 
and  soft  a-Fe  and  FcjB  phases. 


I.  INTRODUCTION 

Improvement  of  hard  magnetic  properties,  simplification 
of  processing,  and  reduction  of  cost,  besides  others,  have 
been  the  principal  motivating  factors  for  much  of  the  re¬ 
search  on  Nd-Fe-B  permanent  magnet  materials*’^  since  they 
were  discovered  a  decade  ago.  Many  studies  of  modification 
of  chemical  composition  have  helped  improve  the  hard  mag¬ 
netic  properties.  Curie  temperature,  thermal  and  environmen¬ 
tal  stability,  etc.  Other  research  and  studies  have  contributed 
toward  streamlining  preparation  procedures  which  facilitate 
commercial  production.  There  is  now  a  sufficiently  broad 
base  of  information  on  the  Nd2Fei4B  magnets  to  help  design 
compositions  and  microstructure  suited  for  diverse  applica¬ 
tions.  This  article  discusses  the  results  of  a  study  of  a 
Nd-Fe-B  magnet  which  is  a  mixture  of  two  different  ferro¬ 
magnetic  phases  with  the  aim  of  enhancing  magnetic  prop¬ 
erties  while  reducing  overall  Nd  content  compared  to  the 
standard  Nd2Fei4B  magnet.  Since  Nd  still  accounts  for  a  sub¬ 
stantial  fraction  of  the  cost  of  the  Nd2Fei4B  alloys  and  lower 
Nd  content  generally  improves  the  aging  behavior  of  the 
Nd2Fei4B  magnets,  preparing  viable  magnets  through  this 
route  is  of  both  commercial  and  technological  interest. 

By  altering  the  amount  of  Nd  in  the  Nd-Fe-B  alloy  one 
can  enter  into  a  phase  field  in  the  Nd-Fe-B  phase  diagram 
where  Fe3B  phase  is  one  of  the  equilibrium  phases.^  Fe3B 
has  a  room-temperature  saturation  magnetization  of  16  kG, 
comparable  to  that  of  the  Nd2Fej4B  phase."*  It  has  planar 
anisotropy  and  it  behaves  as  a  soft  magnet.^  The  Curie  tem¬ 
perature  of  Fe3B  is  513  °C,  nearly  200  °C  more  than  that  of 
Nd2Fei4B.  European"*  and  Japanese®  researchers  have  re¬ 
ported  that  in  a  Nd4Fe78Big  alloy  containing  over  50%  Fe3B, 
Br  of  12  kG,  //„  of  3.8  kOe,  and  of  12  MGOe  can 

be  achieved.  Alloying  additions  such  as  Dy,  Co,  and  Ga  are 
known  to  alter  anisotropy,  coercivity,  and  Cuiie  temperature 
of  Nd2Fej4B  magnets.*  One  of  the  aims  in  this  study  is  to 
prepare  and  characterize  an  alloy  utilizing  the  beneficial  ef¬ 


fects  of  both  the  mixing  of  two  ferromagnetic  phases  as  well 
as  selective  alloying  modifications  to  improve  coercivity  and 
other  characteristics.  We  also  report  here  the  results  of  mi¬ 
crostructural  characterizations  of  the  new  alloy  and  correlate 
them  with  the  observed  properties. 

II.  EXPERIMENT 

The  starting  material  used  in  this  investigation  was  pre¬ 
pared  from  an  induction  melted  ingot  (5  pound  charge)  of 
nominal  composition  13.2  wt.  %  Nd,  83.6  wt.  %  Fe,  and  3.2 
wt.  5%  B  (Nd4  8Fe77,5Bi7  7),  melt  spun  at  wheel  speeds  be¬ 
tween  4  and  22  m/s.  The  ribbons  were  annealed  at  tempera¬ 
tures  between  680  and  720  “C  for  5  min.  Additional  alloys 
were  prepared  by  substituting  3  wt.  %  Co  and  1  wt.  %  Ga  for 
Fe  and  3  wt.  %  Dy  for  Nd.  Some  alloys  were  made  with  B 
content  up  to  3.6  wt.  %  and  Nd  (Dy)  content  between  10.3 
and  21.2  wt.  %.  Second  quadrant  demagnetization  curves 
were  measured  from  powder  samples  (demagnetization  cor¬ 
rection  factor  of  0.33)  as  well  as  from  resin  bonded  magnets. 
Hot-pressed  samples  were  prepared  from  the  22  m/s  ribbons 
by  standard  procedure  at  750  °C.  Temperature  coefficients  of 
B,.  and  //„  were  calculated  from  demagnetization  data  at 
different  temperatures.  Loss  characteristics  were  measured 
for  bonded  magnets  held  at  elevated  temperatures’  for  up  to 
1000  h. 

Thin  foils  for  electron  microscopy  were  prepared  from 
annealed  and  unannealed  ribbons  by  ion  milling.  The  elec¬ 
tron  transparent  foils  were  examined  in  a  Philips  430  micro¬ 
scope  operating  at  300  kV. 

III.  RESULTS 

Since  it  is  possible  to  prepare  microcrystalline  ribbons  of 
Nd-Fe-B  alloys  either  by  directly  quenching  from  the  melt  at 
an  optimum  cooling  rate  or  by  annealing  ribbons  which  were 
first  overquenched  from  the  melt,  we  have  investigated  both 
of  these  paths  for  optimum  properties.  For  the  low  Nd  con- 
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FIG.  1.  Second  quadrant  demagnetization  curve  of 
Nd3jDyiFe73Co3GaiBi8j  (a)  powder  overquenched  at  22  m/s  and  annealed 
at  700  °C  with  demagnetization  correction  factor  0.333;  (b)  hot-pressed 
magnet.  The  remanence  to  saturation  magnetization  ratio  of  0.62  is  the  high¬ 
est  reported  for  any  fully  dense  isotropic  magnet. 


tent  compositions  studied  in  this  article,  the  best  properties 
are  exhibited  by  ribbons  that  are  melt  spun  at  22  m/s  and 
then  annealed  at  temperatures  close  to  700  "C.  Transmission 
electron  microscopy  results  show  that  the  ribbons  of  all  com¬ 
positions  used  in  this  study  are  microcrystalline  for  wheel 
speeds  of  22  m/s.  Figures  1(a)  and  1(b)  show  the  second 
quadrant  demagnetization  curves  for  overquenched  ribbons 
of  Nd3  5DyiFe73Co3GaiB,(j5,  annealed  for  5  min  at  700  “C 
and  hot  pressed  to  full  density,  respectively.  Microstructure 
of  annealed  ribbon  corresponding  to  Fig.  1(a)  is  shown  in 
Fig.  2(a).  The  microstructure  consists  of  three  phases, 
namely  Nd2Fei4B,  tetragonal  Fe3B,  and  a-Fe.  The  grain  sizes 
of  Fe3B  and  Nd2Fe(4B  are  nearly  the  same  (average  grain 
diameter  in  the  20-50  nm  range)  while  a-Fe  appears  as  iso¬ 
lated  grains.  The  distribution  of  Nd2Fe,4B  and  Fe3B  phases  is 
homogeneous.  There  is  no  evidence  of  intergranular  phase  at 
the  grain  boundaries.*  The  microstructure  of  the  hot-pressed 
sample  is  similar  to  that  of  the  annealed  ribbon  in  all  re¬ 
spects.  In  contrast,  the  microstructure  of  the  best  directly 
quenched  ribbon  (wheel  speed  of  7  m/s)  of  the  same  compo¬ 
sition,  shown  in  Fig.  2(b),  is  not  homogeneous.  The  grain 
diameters  of  the  Fe3B  grains  are  much  larger  than  those  of 
the  Nd2Fej4B  grains.  There  is  a  clearly  defined  intergranular 
phase  at  the  Nd2Fei4B  grain  boundaries.  a-Fe  is  found  as 
isolated  particles.  EDX  analysis  failed  to  detect  any  Nd  in 
the  Fe3B  grains.  Dy,  Co,  and  Ga  additives  were  all  detected 
in  the  Nd2Fei4B  phase  with  Ga  concentrations  mostly  near 
the  grain  boundary.  Microstruclural  features  in  ribbons  of 
different  compositions  are  the  same  except  for  the  relative 
amounts  of  the  three  phases. 

Table  I  lists  the  temperature  coefficients  of  and 


FIG.  2.  Transmission  electron  micrographs  of  Nd,sDy,Fc73Co3Ga,B|(i3  rib¬ 
bons  (a)  quenched  at  22  m/s  and  annealed  at  700  °C  and  (b)  quenched  at  7 
m/s.  Note  the  nonuniform  grain  sizes  of  different  phases  in  (b).  A=Fe3B, 
C=NdjFe|4B,  and  D=a-Fe. 

between  room  temperature  and  175  “C,  measured  using 
bonded  magnets  of  composition  Nd4  8Fe77  5B17  7  and 
Nd3.5DyiFe73Co3GaiBi8  5.  These  values  are  essentially  the 
same  as  those  of  commercial  grade  bonded  Nd-Fe-B  mag¬ 
nets.  We  also  find  that  the  structural  and  irreversible  loss 
characteristics  of  these  alloys  are  the  same  as  commercial 
grade  magnets.  Tliere  is  practically  no  loss  in  after  aging 
for  1000  h  at  100  °C  and  alloys  without  Co  have  no  struc¬ 
tural  loss. 

The  initial  magnetization  and  demagnetization  curves  of 
a  bonded  magnet  premagnetized  to  two  different  field 
strengths  are  shown  in  Fig.  3.  It  is  observed  that  while  the 
coercivity  of  the  material  is  not  very  high,  the  field  needed 
for  saturation  is  at  least  10  times  higher  than  the  coercive 


TABLE  1.  Temperature  coefficients  of  B,  and  //„  in  bonded  magnets.  Com¬ 
position  A:  Nd4  8Fe775B,7  7;  composition  B:  Nd3  5Dy,Fe73Co3Ga,Bi8  5. 


Temperature 

Temp,  coeff.  B, 

(%rc) 

Temp,  coeff. 

(%rc) 

CC) 

A 

B 

A 

B 

50 

-0.12 

-0.43 

75 

-0.10 

-0.08 

-0.42 

-0.39 

100 

-0.13 

-0.1 

-039 

-0.39 

125 

-0.14 

-0.1 

-0.38 

-0.38 

150 

-0.14 

-0.1 

-0.38 

-0.37 

175 

-0.11 

-0.37 
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FIG.  3.  Initial  magnetizatiss  and  second  quadrant  demagnetization  curves 
for  Nd3^Dy|Fe73Co3GaiBig^  bonded  magnet  after  magnetizing  up  to  (a)  9 
kOe  and  (b)  18  kOe,  The  kinks  in  (a)  and  (b)  are  characteristic  of  the 
two-phase  material. 

field.  The  initial  magnetization  curve  is  linear  up  to  a  field  at 
least  twice  the  coercive  field.  The  demagnetization  curves  for 
the  material  magnetized  up  to  9  and  18  kOe  are  nearly  par¬ 
allel.  The  entire  demagnetization  curve  shifts  toward  higher 

and  /fjj  if  the  magnet  is  premagnetized  to  45  kOe. 

IV.  DISCUSSION 

Microstructural  measurement  shows  that  the  material 
consists  of  approximately  30%  Nd2Fe,4B,  65%  Fe3B,  and 
5%  a-Fe  phase.  These  volume  fractions  are  consistent  with 
what  one  would  expect  from  atomistic  considerations  if  one 
assumes  that  all  the  Nd  atoms  are  incorporated  ito  the 
Nd2Fei4B  phase,  the  remaining  B  atoms  are  incorporated 
into  the  Fe3B  phase  and  the  remnant  transition  metal  atoms 
are  left  behind  in  elemental  form.  The  saturation  magnetiza¬ 
tion  values  of  the  three  phases  are  roughly  the  same,  close  to 
16  kG.  Tetragonal  Fe3B  has  planar  anisotropy,  and  the  maxi¬ 
mum  contribution  to  remanence  from  isotropic  distribution 
of  the  Fe3B  grains  will  be  ir/4  or  0.79  of  saturation  value  if 
the  basal  plane  of  the  tetragonal  Fe3B  structure  is  assumed  to 
contain  no  preferential  direction  for  the  magnetization 
vector.^  Since  there  are  at  least  two  grains  of  Fe3B  for  every 
Nd2Fei4B  grain,  in  spite  of  the  strong  uniaxial  anisotropy  of 
the  Nd2Fei4B  grains,  the  demagnetization  characteristics  of 
the  material  will  be  dominated  by  that  of  Fe3B  phase,  giving 
a  remanence  close  to  0.79  of  the  saturation  value.  If  the 
Nd2Fei4B  phase  were  to  determine  the  demagnetization  be¬ 
havior,  the  remanence  would  be  in  the  range  of  half  of  the 
saturation  magnetization  'alue.  Clearly,  the  high  remanence 
in  the  material  observed  here  and  by  others  suggest  the  latter 
not  to  be  the  case. 

The  coercivity  of  the  material  is  dominated  by  the  crys¬ 
tallite  distribution.  Grain  size  plays  a  role  in  changing  the 
value  of  //<;, .  The  moderate  value  of  must  be  a  result  of 
the  influence  of  the  Nd2Fe|4B  phase  since  the  planar  anisot¬ 
ropy  of  the  Fe3B  phase  makes  that  phase  a  soft  ferromagnet. 
Application  of  a  reverse  field  in  this  system  can  easily  nucle¬ 
ate  reverse  domains  and  these  domain  walls  can  move  rela¬ 


tively  freely  in  the  Fe3B  grains  while  Nd2Fei4B  grains  will 
act  as  barriers  to  domain-wall  motion.  Approach  to  saturation 
in  such  a  material  will  be  determined  by  the  flipping  of  the 
magnetization  vector  in  individual  Nd2Fei4B  grains.  The  ap¬ 
proach  to  zero  magnetization  at  the  coercive  field  will  be  a 
result  of  a  sufficient  amount  of  Fe3B  with  reverse  magneti¬ 
zation  canceling  out  the  contribution  from  the  Nd2Fej4B 
phase.  Such  an  explanation  is  consistent  with  the  large  field 
(compared  to  the  coercive  force)  needed  for  full  saturation. 
This  is  also  consistent  with  the  observation  of  parallel  de¬ 
magnetization  curves  (a)  and  (b)  in  rig.  3. 

The  phase  distribution  is  a  result  of  both  the  chemistry 
and  the  kinetics  of  crystallite  formation  during  quenching  or 
annealing.  The  grain  size  distribution  in  the  directly 
quenched  alloy  suggests  that  grain  growth  kinetics  for  Fe3B 
and  Nd2Fei4B  are  different  at  elevated  temperatures  encoun¬ 
tered  during  melt  spinning.  The  grain  growth  kinetics  of  the 
two  phases  are  similar  at  temperature  and  time  intervals  en¬ 
countered  during  annealing  of  the  overquenched  alloy.  It  is 
also  possible  that  nucleation  of  Nd2Fei4B  phase  takes  place 
in  pockets  which  are  saturated  with  Nd  after  Fe3B  grains 
have  formed  and  grown  in  the  directly  quenched  ribbons. 
Excess  a-Fe  is  left  behind  in  both  cases  at  the  end  of  solidi¬ 
fication  as  a  terminal  phase.  That  no  Nd  atoms  were  detected 
in  the  Fe3B  phase  contrary  to  the  suggestion  in  Ref.  9  indi¬ 
cates  that  the  Fe-B  trigonal  prism  which  forms  the  building 
block  in  Fe3B  and  Nd2Fei4B  does  not  readily  permit  substi¬ 
tution  of  Fe  by  Nd.  This  is  also  consistent  with  the  observa¬ 
tion  that  various  substitutions  to  the  starting  alloy  do  not 
alter  the  microstructure  in  any  significant  way.  Most  of  the 
substituted  atoms  are  incorporated  ito  the  Nd2Fei4B  phase. 
Fe3B  phase  or  boundaries  between  Fe3B  grains  does  not 
show  any  segregation  of  Dy,  Co,  or  Ga.  We  find  Ga  associ¬ 
ated  with  the  Nd2Fei4B  phase,  mostly  at  the  boundary  be¬ 
tween  Nd2Fei4B  and  Fe3B  grains.  The  changes  in  the  tem¬ 
perature  coefficient  of  and  and  the  loss  properties  witn 
various  alloying  additions  are  thus  considered  to  be  primarily 
due  to  changes  to  the  Nd2Fei4B  phase  upon  alloying.  Finally, 
these  results  indicate  that  further  research  on  optimization  of 
hard  and  soft  magnet  mixtures  can  potentially  yield  im¬ 
proved  permanent  magnets. 
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Magnetic  properties  of  sintered  Alnico  5  magnet  via  rapid  solidification 
technology 
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A  process  for  making  Alnico  magnets  (grade  5-8)  via  rapid  solidification  technology  has  been 
developed.  The  process  includes  extractive  melt  spinning  of  alloy  powders,  press  forming,  heat 
treatment  under  a  magnetic  field,  and  aging.  The  Alnico  5  magnets  made  by  this  process  showed 
superior  magnetic  properties  to  those  of  cast  magnet  of  the  corresponding  composition.  The  superior 
mapetic  properties  of  the  sintered  mapets  with  kG,  11^=680  Oe,  and  (BH)n,j,(=6.02 

MGOe  are  due  to  the  spinodal  decomposition  which  is  completely  free  of  y  phase. 


I.  INTRODUCTION 

The  magnetic  behavior  of  Alnico  alloys  is  governed  by 
two  metallurgical  transformations.  The  more  impo'tant  of  the 
two  is  the  decomposition  of  the  bcc  a  matrix,  which  is  stable 
at  high  temperature,  into  two  phases,  aj  and  Oi,  which  are 
also  bcc.  The  ferromagnetic  phase,  which  is  rich  in  Fe  and 
Co,  is  finely  dispersed  throughout  the  weakly  magnetic  a2 
phase  by  spinodal  decomposition.*  The  composition,  orien¬ 
tation,  and  distribution  of  the  a,  precipitates  determine  the 
magnetic  properties  of  the  alloys.  At  high  temperature,  the 
second  transformation  occurs  which  has  detrimental  effect 
on  the  magnetic  properties,  i.e.,  the  fee  y  phase  precipitates 
from  the  a  matrix  upon  cooling  from  about  1200  ®C.  Many 
investigations^"'*  have  reported  the  a-*y  precipitation  and 
have  pointed  out  that  it  causes  a  considerable  decrease  in  the 
magnetic  prop^lies  because  it  takes  place  at  the  expense  of 
the  a  matrix. 

In  our  recent  investigation,  the  possibility  of  formation 
of  y  phase  was  completely  avoided  by  our  proprietary  ex¬ 
tractive  melt-soinning  technique.^  In  addition,  the  simple 
process  based  on  melt-spun  powders  which  are  press  formed 
and  heat  treated  ur  Jer  a  magnetic  field  renders  these  magnets 
econc'nically  competitive  with  existing  magnets  produced 
by  powder  rae*allurgy  using  elemental  metal  powders.  We 
report  the  details  of  part  of  our  recent  investigations  on  the 
newly  developed  sintered  Alnico  5  type  magnet. 


II.  SXP'^aiMENT 

Alloys  of  14%  Ni-24%  Co-8%  Al-3%  Cu-51%  Fe  were 
prepared  by  argon  plasma  arc  melting  from  "'ach  element  of 
9^.95%  purity.  Tlic  arc-melted  ingots  were  remelted  three 
times  to  assure  homogeneity,  and  extractively  melt  spun  into 
powders  of  60  mesh.  Coo'mg  substrate  speeds  of  8.5-33  m/s 
were  used  to  give  avsra^  :  grain  sizes  in  the  range  2.5-25.6 
/rm  in  the  precurror  powders.  Magnetic  measurements  on  the 
powder  samples  were  earned  out  using  a  Toei  vibrating 
sample  magnetometer  while  compacted  magnets  were  evalu¬ 
ated  !  y  a  LDJ  B-H  loop  tracer.  A  Perkin-Elmer  thermomag- 
netic  analyzer  was  used  lo  study  thermomagnetic  behaviors 
and  phase  transitions.  Electron  microscopy  was  done  using  a 
Philips  high-resolution  400  .c  V  transmission  microscope.  The 
heat  treatment  under  a  magnetic  field  was  carried  out  using 


an  in-laboratory  assembled  furnace;  the  magnetic  fields 
(//a=5-10  kOe)  were  applied  using  an  electromagnet. 


A.  Sintering,  solutionizing,  and  magnetic  properties 

Figure  1  shows  the  variation  of  magnetic  properties  and 
densitv  as  a  function  of  sintering  temperature.  The  compact 
was  made  by  pressing  the  melt-spun  powders  having  an  av¬ 
erage  particle  size  of  38  /im  in  a  uniaxial  pressure  of 
9.8X10’  N/m’.  The  grain  size  of  the  precursor  powders  was 
10  jjm.  The  magnet  samples  were  prepared  by  sintering  for  1 
h,  solutionizing  at  1250  °C  for  10  min,  cooling  from  900  to 
600  ®C  at  the  cooling  rate  of  1.26  ®C/s  under  the  magnetic 
field  of  7  kOe,  and  aging  at  600  ®C  for  4  h.  The  magnet 


Sintering  temperature  (*C) 


FIG.  1.  Magnetic  properties  and  density  of  the  melt-spun-based  sintered 
Alnico  5  magnets  as  a  fu.iction  of  sintering  temperature. 


III.  RESULTS  AND  DISCUSSION 
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FIG.  2.  Variation  of  magnetic  properties  of  the  sintered  Alnico  5  magnets  as 
a  function  of  solutionizing  temperature. 


sintered  at  1300  °C  already  shows  properties  superior  to 
those  of  sintered  magnets  made  by  the  existing  process 
[(BH)n,a^=5-5.5  MGOe],*”®  and  the  magnet  sintered  at 
1350  °C  exhibits  an  energy  product,  (BH)n,a,(=6.0  MGOe 
whrh  is  higher  than  that  of  cast-type  Alnico  5  magnets 
[(BH)max=4.8-5.5  MGOe].’’'°  The  superior  magnetic  prop¬ 
erties  were  found  to  result  from  the  high  densities  p  of  the 
green  compacts  (p>7.3  g/cm^).  In  the  existing  process  of 
making  sintered-type  Alnico  magnets,  a  mixture  of  po\.  Jers 
of  elemental  Ni,  Co,  FeAl,  Cu,  FeTi,  Fe,  and  returned  Alnico 
powders  from  cast  magnets  is  used  as  precarsor.  The  com- 
pactability  of  this  mixture  is  inferior  to  that  of  the  melt-spun 
powders.  The  microstructures  of  melt-spun  precursors  and 
the  grain  aspect  of  the  magnet  sintered  at  1300  °C  commonly 
showed  uniform,  equiaxed  grains  which  were  free  from  any 
observable  y  phase.  Only  a  few  pores  could  be  seen  for  the 
magnet  sintered  at  1300  ®C. 

The  effect  of  solutionizing  temperature  on  the  magnetic 
properties  is  shown  in  Fig.  2.  The  magnet  samples  were  pre¬ 
pared  by  sintering  at  1350  °C  for  1  h,  solutionizing  at  the 
indicated  temperature  for  30  min,  cooling  from  900  to 
600  °C  at  the  cooling  rate  of  1.26  °C/s  under  the  magnet'c 
field  of  7  kOe,  and  aging  at  600  for  4  h.  This  figure 
indicates  that,  in  spite  of  the  rapJly  solidified  precursor 
powders,  the  selection  of  appropriate  solutionizing  treatment 
after  sintering  enhances  the  magnetic  properties.  The  drasti¬ 
cally  poorer  magnetic  properties  obtained  for  sintering  tem¬ 
peratures  in  the  range  1000-1200  °C  are  due  to  the  marten¬ 
sitic  transformation  of  (a^)  of  the  y  phase  from  the  a  matrix 


cooling  rate  (’C/sec) 

FIG.  3.  Variation  of  magnetic  properties  of  the  sintered  and  aged  magnets  as 
functions  of  cooling  rate  during  magnetic  annealing  and  precursor  grain 
size. 


during  cooling.^  The  most  appropriate  solutionizing  tempera¬ 
ture  for  the  Alnico  5  magnets  made  via  rapid  solidification 
process  was  found  to  be  1250  ®C.  No  y  precipitate  in  a  was 
seen  in  the  magnets  solutionized  at  temperature  over 
1250  ®C. 


FIG.  4.  TEM  micrographs  showinj  the  ay  precipitates  formed  during  the 
magnetic  annealing,  (a),  (b),  and  (c)  are  for  cooling  rates  of  0.17  °C/s, 
1.26  °C/s,  and  1.67  °C/s,  respectively;  (d)  is  a  selected-area-diffraction  pat¬ 
tern  from  (b). 
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B.  Magnetic  annealing  under  an  external  field 

The  variation  of  magnetic  properties  is  shown  in  Fig.  3 
as  a  function  of  cooling  rate  during  the  magnetic  annealing. 
The  magnet  samples  were  prepared  by  sintering  at  1350  °C 
for  1  h,  solutionizing  at  1250  °C  for  10  min,  cooling  from 
900  to  600  °C  at  the  rate  of  indicated  speed  in  Fig.  3,  and 
aging  at  600  °C  for  4  h.  The  initial  grain  sizes  of  the  precur¬ 
sor  powders  are  shown  in  Fig.  3(c).  It  can  be  seen  that  cool¬ 
ing  rates  below  or  above  1.26  °C/s  during  magnetic  anneal¬ 
ing  influence  the  final  magnetic  properties  in  dissimilar 
ways.  This  is  because  the  aspect  ratio,  distribution,  and  fre¬ 
quency  of  the  magnetically  hard,  (Fe-Co)-rich  orj  precipitates 
are  dependent  upon  the  cooling  rate.  At  a  rate  below  1.26  “C/ 
s,  the  precipitation  during  the  spinodal  decomposition 
takes  a  coarse  rod-type  morphology  with  a  small  aspect  ratio 
resulting  in  poor  magnetic  properties.  Cooling  rates  faster 
than  1.26  °C/s,  on  the  other  hand,  prevent  the  precipitates 
from  growing  into  well-developed  Co-rich  particles  having  a 
high  shape  anisotropy.  High  Co  concentration  within  the  aj 
precipitates  is  known  to  enhance  the  magnetic  properties  of 
the  Alnico-type  magnets.”  High  cooling  rates  also  prevented 
the  axial  alignment  of  the  aj  particles  along  the  (100)  orien¬ 
tations  during  magnetic  annealing.  It  is  of  interest  to  note  in 
Fig.  3  that  the  principle  magnetic  properties  increase  as  the 
grain  size  of  the  precursor  powders  decreases  for  the  mag¬ 
nets  cooled  at  the  rates  below  1.26  ®C/s,  but  that  the  mag¬ 
netic  properties  (especially  the  coercivity)  decrease  as  initial 
grain  size  decreases  for  the  magnets  cooled  at  the  rates  above 
1.26  *C/s. 

Figure  4  is  the  TEM  nicrographs  showing  the  ai  pre¬ 
cipitates  aligned  along  the  [100]  direction.  The  micrographs 
were  taken  from  the  longitudinal  section  with  respect  to  the 
applied  field  direction.  The  [100]  corresponds  to  the  mag¬ 
netic  field  direction  during  annealing.  The  long  white  islands 


are  the  aj  precipitates,  and  the  grey  matrix  conesponds  to 
the  02  phase  which  is  high  in  (Ni-Al).  The  magnet  cooled  at 
0.17  °C/s  shows  oTi  precipitates  that  are  200  nm  long  and  50 
iim  wide.  A  cooling  rate  of  1.26  °Cls  which  was  found  to  be 
optimal  resulted  in  well-aligned  and  finely  distributed  pre¬ 
cipitates  [Fig.  4(b)]  with  an  aspect  ratio  of  (length/width) 
==(200  nm/30  nm)=6.7.  At  a  cooling  rate  of  1.67  °C/s,  how¬ 
ever,  the  precipitates  took  place  in  random  orientations 
with  malformed  shapes.  Figure  4(d)  shows  the  electron- 
diffraction  pattern  obtained  from  the  area  corresponding  to 
Fig.  4(b).  The  critical  magnetic  field  above  which  the  aj 
precipitates  are  aligned  effectively  in  the  melt-spun  Alnico  5 
ty|)e  magnets  was  found  to  be  5  kOe. 

IV.  CONCLUSION 

An  economical  process  for  producing  the  Alnico  5  type 
m£;gnets  using  a  rapid  solidification  technology  has  been  de¬ 
veloped.  Sintered  magnets  made  by  this  powder  metallurgi¬ 
cal  method  exhibited  superior  properties  to  those  of  cast 
magnets  having  corresponding  compositions.  The  optimized 
process  produced  magnets  with  properties  of  5^=12.8-13.2 
kG,  ,7/^=630-680  Oe,  and  (BH),„a,=5-6  MGOe. 
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Effect  of  additives  on  thermal  stability  of  Nd-Fe-B  bonded  ir  ^gnets 
(abstract) 

T.  Nishio,  H.  Yagi,  T.  Furuya,  and  Y.  Kasai 

Research  and  Development  Division,  Daido  Steel  Co.,  Ltd,  Nagoya  457,  Japan 

Effects  of  Zr  and  Nb  on  magnetic  properties  and  thermal  stability  were  studied  for  Nd-Fe-B  bonded 
magnets.  Bonded  magnets  with  a  composition  of  Nd^(Fe94.;t.y)B6Ty,  where  r=Zr  and  Nb;  j:=11.0, 
11.5,  and  12.0;  y=0, 0.5, 1.0, 1.5,  and  2.0;  were  prepared  by  using  melt  spun  ribbons.  The  addition 
of  Zr  up  to  0.5  at .%  increased  the  (BH)max  of  the  bonded  magnets,  and  further  addition  of  Zr 
decreased  the  (BH)max  at  each  Nd  content  level.  Hci  increased  monotonously  with  an  increase  in 
Zr.  (BH)max  and  Hci  of  the  Nb  containing  bonded  magnets  also  showed  similar  behavior. 
Irreversible  flux  loss  after  exposure  at  180  °C  for  1000  h  significantly  reduced  with  an  increase  in 
the  Zr  content  at  each  Nd  content  level.  Both  the  structural  flux  loss  and  the  thermal  fluctuation  flux 
loss  were  reduced  with  an  increase  in  the  Zr  content.  An  irreversible  flux  loss  of  about  5%  was 
obtained  when  the  Nd  and  Zr  content  were  11.5  at .%  and  2.0  at.  %,  respectively.  A  similar  value  of 
irreversible  flux  loss  was  also  obtained  in  Nb  containing  bonded  magnets  with  the  same 
composition.  It  was  found  that  the  oxygen  pickup  by  the  bonded  magnets  during  the  heat  resistant 
test  was  well  correlated  to  the  structural  loss  of  the  bonded  magnets.  A  structural  flux  loss  of  less 
than  3%  was  obtained  when  the  oxygen  pickup  was  less  than  0.4  wt.  %  for  both  additives.  SEM 
studies  revealed  that  the  grain  size  of  the  2-14-1  phase  observed  in  the  additive-containing 
specimens  was  finer  than  that  of  the  base  alloy. 


Coercivity  in  hard  magnets  based  on  Sm2Coi7  (abstract) 

Eric  Lectard,  Claire  Maury,  and  Colette  H.  Alllbert 

LT.PCM.-INPG,  38402  St.  Martin  d’H'eres,  France 

Lew  Rabenberg 

University  of  Texas,  Austin,  Texas  78712-1063 

Despite  the  research  devoted  to  new  compounds,  the  Sm-Co-Cu-Fe-Zr  alloys  with  the  2:17  type  are, 
as  yet,  the  only  hard  magnets  to  be  used  above  200  °C.  However,  these  materials  are  not  optimized 
because  their  coercivity  mechanism  is  not  clearly  understood.  Their  typical  microstructure  consists 
of  a  network  of  2:17  cells  separated  bv  1:5  boundaries.  Their  coercivity  is  ascribed  to  the  domain 
wall  pinning  by  the  1:5  cell  boundaries.  The  compositions  of  the  1:5,  2:17  phases  during  the  cell 
microstructure  genesis  were  recently*  evaluated  for  the  alloy  Sin(Coo66Feo.25Cuo.o6Zro 03)7,6-  I" 
present  work,  the  coercivity  behavior  of  this  alloy  is  analyzed  from  the  comparison  of  the  domain 
wall  energies  71:5,  72:17.  Sintered  samples,  heat-treated  in  various  conditions,  are  characterized 
by  transmission  electron  microscopy  and  hysteresis  curves.  y2:17  and  7 1:5  are  calculated  from 
measured  and  published  data  of  magnetization  and  anisotropy.  The  different  treatments  generate 
similar  cell  microstructures  but  two  ranges  of  coercivity  (about  600  and  2200  K  A  m~*).  In  the  two 
cases,  71:5  is  larger  than  72:17:  the  cell  boundaries  appear  as  repelling  energy  barriers  rather  than 
pinning  sites.  The  existence  of  a  disturbed  anisotropy  layer  along  the  1:5/2:17  interface  is  proposed 
to  explain  the  higher  coercivity  state.  The  evaluation  of  He  using  the  usual  models'  is  attempted. 


'  C.  Maury,  L.  Rabenberg,  and  C.  H.  Allibert,  Phys.  Status  Solid!  140,  57 
(1993). 

^K.  D.  Durst,  H.  Kronmuller,  and  W.  Ervens,  Phys.  Status  Solid!  108,  705 
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Exhange  Biasing  and  Oxides 


B.  Gurney,  Chairman 


Orientational  dependence  of  the  exchange  biasing  in  molecular-beam- 
epitaxy-grown  Ni8oFe2o/Fe5oMn5o  bilayers  (invited) 

R.  Jungblut,  R.  Coehoorn,  M.  T.  Johnson,  J.  aan  de  Stegge,  and  A.  Reinders 

Philips  Research  Laboratories,  Prof.  Holstlaan  4,  5656  AA  Eittdhoven,  The  Netherlands 

The  exchange  biasing  field  (fTjb)  and  coercive  field  of  molecular-beam-epitaxy-grown 
Cu/Ni8oFe2o/Fe5oMn5o  samples  in  [111],  [001],  and  [110]  orientations  have  been  investigated  by 
longitudinal  Kerr  effect  measurements.  NigoFe2o  and  FesoMnso  were  deposited  as  orthogonal 
wedge-shaped  layers  on  single-crj'stal  Cu  substrates  in  a  magnetic  field,  enabling  the  study  of  the 
thickness  dependence  of  and  on  a  single  sample  for  each  orientation.  A  strong  dependence 
of  i/jb  and  He  on  the  growth  orientation  is  observed.  The  results  are  interpreted  in  terms  of  the 
observed  noncollinear  spin  structure  of  the  antiferromagnet  and  a  comparison  is  given  with  the 
predictions  from  recent  theoretical  models. 


I.  INTRODUCTION 

Exchange  coupling  at  the  interface  between  a  ferromag¬ 
netic  (FM)  layer  and  an  antiferromagnetic  (AF)  layer  can 
cause  a  unidirectional  anisotropy  of  the  FM  layer  if  the 
sample  is  grown  in  a  magnetic  field  or  cooled  down  in  a 
magnetic  field  after  heating  above  the  Neel  temperature  of 
the  AF  layer.*  It  manifests  itself  by  a  shift  of  the  hysteresis 
loop  along  the  field  axis.  The  size  of  this  field  shift  is  called 
the  exchange  biasing  field,  //,b. 

The  most  intensively  studied  systems  comprise  the  anti¬ 
ferromagnetic  oxidic  layers  CoO  and  NiO^  and  the  antiferro¬ 
magnetic  metallic  alloy  FcsoMnso.  A  unidirectional  anisot¬ 
ropy  in  entirely  metallic  systems  was  first  found  for 
NigoFe2o/NiFeMn  bilayers.^  In  particular,  the  alloy  system 
NigoFe2o/Fe5oMn5o,  which  was  found  to  display  the  biasing 
effect  in  1978,“*  has  been  studied  extensively,  motivated  by 
practical  industrial  applications  in  magnetoresistive  sensors 
based  on  the  anisotropic  magnetoresistance^  or  giant  magne¬ 
toresistance  (“spin-valve”)  effect.® 

Investigations  on  the  system  NigoFe2o/Fe5oMn5o  have  re¬ 
vealed  several  interesting  observations  concerning  the  hys¬ 
teresis  loop  shift  and  related  phenomena.  An  important  find¬ 
ing  was  that  the  coupling  //jg  varies  approximately  inversely 
with  the  thickness  of  the  FM  layer,  ?  This  provides  evi¬ 
dence  of  the  interfacial  nature  of  the  interaction  effect  that 
gives  rise  to  exchange  biasing.  Balancing  the  Zeeman  energy 
and  the  unidirectional  anisotropy  energy  results  in  a  phenom¬ 
enological  expression  for  the  loop  shift 

Ac 

2/ioA/FM^FM  ’  ^  ^ 

where  MpM  is  the  saturation  magnetization  of  the  ferromag¬ 
netic  layer  and  Ac  is  the  change  of  the  interfacial  exchange 
energy  upon  a  reversal  of  the  magnetization  of  the  FM  layer, 
//jb  has  been  observed  to  decrease  linearly  with  increasing 
temperature  and  becomes  zero  at  the  “blocking  tempera¬ 
ture,”  slightly  below  the  Neel  temperature  of  the  AF  layer.^ 
Other  interesting  observations  concern  (i)  the  influence  of 


the  interfacial  exchange  coupling  on  the  coercive  field 
(half-width  of  hysteresis  loop  at  zero  net  magnetization)  of 
the  FM/AF  double  layer,  (ii)  the  different  loop  shifts  of 
FM/AF  layers  grown  in  a  magnetic  field  and  AF/FM  layers 
cooled  through  the  Neel  temperature  of  the  AF  layer  in  a 
magnetic  field,®  and  (iii)  the  initial  reduction  of  and  He 
with  the  number  of  hysteresis  loop  cycles  (“magnetic  train¬ 
ing  effect”).® 

In  spite  of  the  continuing  interest  in  the  exchange  bias¬ 
ing  effect,  its  microscopic  origin  has  remained  a  subject  of 
debate.*®  In  a  first  model*  it  was  assumed  that  the  interface 
magnetization  of  the  AF  layer  is  “uncompensated”  (only  one 
of  two  antiferromagnetic  sublattices  adjoins  the  interface) 
and  remains  fixed  when  the  magnetization  of  the  FM  layer  is 
rotated.  In  that  case,  the  change  of  the  interfacial  exchange 
energy  is  given  by  Acr=2J/fl^,  where  a  is  the  lattice  param¬ 
eter  and  J  is  the  exchange  constant.  In  an  order  of  magnitude 
calculation  we  use  Eq.  (1)  and  values  for  J  typical  for  ex¬ 
change  interactions  in  Fe-based  alloys  (7«10"^*  J).  Ex¬ 
pressing  the  normalized  value  of  the  exchange  coupling  by 
the  product  //cb^FM>  we  obtain  =»  1.6X10®  kA/mA,  being 
much  larger  than  the  experimental  values  for  the 
NigoFe2o/Fe5oMn5o  system,  summarized  in  Table  I.  Further¬ 
more,  for  cases  in  which  the  AF  interface  is  compensated  this 
model  predicts  no  loop  shift.  As  will  be  discussed  in  more 
detail,  this  is  the  case  for  Fe5oMn5o  (100)  and  (111). 

Mauri  era/.**  modified  this  model  by  showing  that  the 
energy  of  the  reversed  state  can  be  lowered  by  the  introduc¬ 
tion  of  a  domain  wall  into  the  AF  layer  parallel  to  the  inter¬ 
face.  Atr  is  now  equal  to  the  wall  energy,  4(AafKaf)'^> 
where  A  af  is  the  exchange  stiffness  and  Kaf  is  the  uniaxial 
anisotropy  per  unit  volume  in  the  antiferromagnet.  It  has 
been  remarked  that  this  model  predicts  a  loop  shift  which  is 
in  good  agreement  with  experiments,  if  Aaf  and  Kaf  are 
chosen  comparable  to  the  values  for  permalloy 
(Aaf*®2X10“**  J/m  and  Kaf’^1-6X10®  J/m®).  However,  this 
choice  of  parameters  is  not  consistent  with  the  observation 
by  polarized  neution  diffraction  experiments*^  that  the  ferro¬ 
magnetic  exchange  stiffness  and  anisotropy  are  large  enough 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021  ■8979/94/75{10)/6659/6/$6.00 


©  1994  American  Institute  of  Physics  6659 


TABLE  I.  Experimental  values  for  the  Ni8oFe2o/Fe5oMn5o  system. 


Preparation 

method 

Substrate 

*Ni-Fe  (A) 

^eb’Ni-Fe 

(kA/m  A) 

Fe,oo-xMn^ 

(at.  %) 

MBE* 

Cu(lll) 

68 

1000 

57 

MBE* 

Cu(llO) 

70 

620 

59 

MBE* 

Cu(001) 

70 

690 

47 

HV  evap.’’ 

f 

400 

670 

57 

HV  evap.’’ 

f 

400 

1160 

53 

HV  evap.’’ 

f 

400 

1040 

47 

HV  evap.’’ 

f 

400 

1000 

46 

HV  evap.’’ 

f 

400 

920 

44 

Sputtered' 

Si(001)7ra/Ni-Fe/Cu 

60 

1320 

50 

Sputtered'* 

Si(lll) 

400 

1280 

50 

Sputtered' 

Glass 

400 

360-820 

50 

‘This  paper. 

’’Reference  4. 

^Reference  25. 

“’Reference  26. 

'References  7, 17,  20,  27,  and  28. 
’Not  reported. 


to  confine  the  domain  wall  to  the  AF  layer,  i.e., 

Consequently,  this  model  pre¬ 
dicts  an  //(),  which  is  too  small.  Another  inconsistency  with 
the  assumed  values  of  and  ^af  that  the  exchange 
biasing  effect  is  usually  measured  for  AF  thicknesses  much 
lower  than  the  expected  domain  wall  width 
7r(AAF//LAF)'^““0.35  /im.  Furthermore,  the  model  treats  only 
the  case  of  a  perfect  and  uncompensated  interface. 

Subsequently,  Malozemoff'^  presented  a  model  which 
does  not  suffer  from  these  shortcomings.  He  explained  the 
biasing  effect  by  assuming  domains  in  the  antiferromagnet, 
separated  by  domain  walls  perpendicular  to  the  interface  in 
conjunction  with  the  presence  of  roughness  of  the  AF  inter¬ 
faces  which  would  otherwise  be  perfectly  compensated.  The 
interface  roughness  will  give  rise  to  a  random  exchange 
field.  However,  due  to  the  finite  size  of  the  domains,  with 
typically  N  atoms  at  the  interface,  these  random  fluctuations 
will  not  compensate  each  other  completely.  On  the  average 
spins  (order  of  magnitude)  at  the  interface  will  be  un¬ 
compensated.  Upon  growth  in  a  field  or  after  cooling  from  a 
temperature  above  the  blocking  temperature,  the  resulting 
spin  structure  in  each  of  the  domains  will  support  the  same 
magnetization  direction  of  the  FM  layer.  Reversal  of  the  FM 
layer  will  then  cost  Malozemoff  further  ar¬ 

gues  that  the  domain  diameter  is  approximately  equal  to  the 
wall  thickness  £  =  7t(A af/^af)'^>  which,  with  N"^^^=alL, 
results  in 

„  V“^af/^af  ,  . 

TT/AqA^FM^FM 

In  a  later  paper,  Malozemoff*"*  predicts  an  enhanced  Hf^, 
below  a  characteristic  thickness  of  the  AF,  corresponding 
with  the  transition  between  an  “Ising-domain”  state  where 
the  domain  diameter  is  in  the  order  of  the  wall  thickness  and 
a  “Heisenberg-domain”  state  with  the  domain  diameter 
smaller  than  the  wall  thickness. 

A  shortcoming  of  these  models,  when  applied  to  the 
NigoFe2o/FeMn  system,  is  that  they  do  not  take  the  details  of 

6660  J.  Appl.  Phys.,  Vol.  75.  No.  10, 15  May  1994 


the  spin  structure  of  the  AF  layer  into  account.  Let  us  con¬ 
sider  the  spin  structure  of  y-FeMn.  The  average  spin  struc¬ 
ture,  which  does  not  take  the  detailed  (random)  occupation 
of  sites  with  Fe  and  Mn  atoms  into  account,  is  described  by 
the  commonly  accepted  (111)  mr del.*^  Atoms  on  the  (0,0,0), 
(iliO),  (0,1,1),  and  (1,0,1)  positions  have  moments  which  are 
directed  to  the  center  of  the  tetrahedron  that  is  defined  by 
these  atomic  positions,  i.e.,  along  the  (111)  directions.  Figure 
1  shows  that  terminating  the  bulk  FesoMnjo  crystal  along  the 
(111),  (110),  and  (001)  planes  leads  to  entirely  different  spin 
configurations  at  the  surfaces.  In  the  (111)  planes  the  mo¬ 
ments  are  directed  ±19.5°  and  ±90°  out  of  plane  with  their 
in-plane  components  compensating  each  other.  In  the  (001) 
planes  the  moments  are  ±35.3°  out-of-plane  pointing  along 
the  [110]  and  [ilO]  in-plane  directions.  The  resulting  in¬ 
plane  moment  is  also  compensated.  For  the  (110)  planes  we 
have  to  distinguish  between  two  different  layers;  One  type  of 
layer  has  its  moments  in  plane  whereas  for  the  other  layer 
±54.7°  out  of  plane  moments  are  found.  In  contrast  to  the 
other  two  surfaces  a  resultant  in-plane  moment  along  the 
[100]  directions  is  found:  the  (110)  plane  is  uncompensated. 

It  would  be  of  fundamental  interest  to  know  whether 
these  entirely  different  spin  structures  for  FeMn  result  in  an 
orientational  dependence  of  the  exchange  biasing  effect. 
Here  we  present  results  of  the  first  investigation  into  this 
issue.  We  have  grown  Ni8oFe2o/FeMn  bilayers  on  single  crys¬ 
tal  Cu  substrates  of  different  orientations  by  molecular  beam 
epitaxy  (MBE)  in  a  magnetic  field.  The  bilayers  were  grown 
as  “double”  wedges  to  enable  the  study  of  the  dependence  of 
//gb  and  on  the  thickness  of  the  AF  and  FM  layers  on  a 
single  sample. 

II.  EXPERIMENTAL  DETAILS 

A  schematic  view  of  the  samples  used  is  given  in  Fig.  2. 
Fe  and  Ni,  as  well  as  Fe  and  Mn  were  coevaporated  from 


FIG.  1.  Spin  structure  in  the  <111)  model  for  the  different  orientations. 

Jungblut  et  al. 


FIG.  2.  Schematic  view  of  the  samples. 

electron  beam  evaporators  and  Knudsen  cells  on  [111], 
[110],  and  [001]  oriented  Cu  single  crystals  held  at  room 
temperature.  During  growth  a  magnetic  field  of  >=20  kA/m 
was  applied  along  several  high  symmetry  directions  in  the 
surface  plane.  The  wedge  shape  of  the  layers  was  achieved 
by  withdrawing  an  eclipsing  shutter.  Care  has  to  be  taken 
that  the  shutter  causes  equal  shadows  for  the  flux  from  both 
evaporation  sources  forming  the  alloy.  Evaporation  rates 
(FeMn  and  Ni8oFe2o:  0.8  Ajs)  and  compositions  were  con¬ 
trolled  by  crystal  thickness  monitors  calibrated  by  chemical 
analysis.  After  completion  of  the  NigoFe2o  wedge  the  sample 
was  rotated  by  90°  to  grow  the  Fe5oMn5o  wedge.  A  thickness 
dependent  structural  study  was  done  by  low  energy  electron 
diffraction  (LEED).  The  perpendicular  and  the  parallel  lattice 
spacings  ,dj|)  were  determined  kinematically  by  measur¬ 
ing  the  energies  of  the  primary  Bragg  reflections  along  the 
[00]  rod,  and  by  analysis  of  LEED  patterns  at  constant  en¬ 
ergy,  respectively.  The  wedge  starts,  their  slopes  and  finally 
their  composition  were  controlled  by  combining  secondary 
electron  microscopy  and  Auger  electron  spectroscopy.  The 
error  in  determining  the  composition  is  estimated  to  be 
±3  at.  %.  The  samples  to  be  discussed  had  the  following 
composition:  Cu(001)/Ni74Fe26  (0-80  A)/Fe53Mn47  (0-135 
A)/Au  (20  A),  H||  [001]  and  [011];  Cu(110)/Ni77Fe23 
(0-80  A)/Fe4,Mn59  (0-85  A)/Au  (20  A),  H  ||  [110]; 
Cu(lll)/Ni79Fe2,  (0-86  A)/Fe43Mn57  (0-130  A)/Au  (20  A), 
H  in  arbitrary  direction. 

The  Au  top  layer  was  deposited  to  protect  the  sample 
against  oxidation. 

The  magnetic  characterization  was  done  ex  situ  by  the 
longitudinal  magneto-optic  Kerr  effect  employing  a  laser 
beam  focussed  to  '“lOO  /rm.  The  magnetic  fields  applied  in 
Kerr  measurements  were  parallel  to  the  fields  applied  during 
growth.  By  scanning  the  laser  beam  over  the  sample  the 
entire  AF-  and  FM-layer  thickness  dependence  of  //eb  and 
He  could  be  studied  on  only  one  sample  for  each  orientation. 
The  lack  of  Kerr-signal  restricted  reliable  measurements  to 
FM  layer  thicknesses  ^20  A.  Before  scanning  the  sample 
the  magnetic  field  was  cycled  about  10  times  between  its 
maximum  values  to  avoid  possible  ambiguities  related  to  the 
training  effect.® 

111.  RESULTS 
A.  Growth  and  structure 

When  MBE-depositing  Ni79Fe2i  (disordered  NigoFe2n: 
0  =  3.5489  A)  on  theCu(lli)  substrate  (Cu:  0  =  3.6150  A, 


FIG.  3.  Hysteresis  loop  of  Cu(lll)/68  A  Ni79Fe2i/45  A  Fe43Mn57/Au. 

<fj^  =  2.09±0.01  A),  we  observed  LEED  patterns  with 
fcc(lll)  symmetry  over  the  whole  investigated  thickness 
range.  On  increasing  the  Ni79Fe2i  thickness  its  perpendicular 
lattice  parameter  gradually  increased  to  reach  its  bulk  value 
(</j^  =  2.04 ±0.01  A)  at  =33  A  Ni79Fe2i.  Between  34  and 
44  A  Ni79Fe2i  triangle-shaped  diffraction  spots,  probably  re¬ 
lated  to  arrays  of  misfit  dislocations  occurred.  Growing 
Fe43Mn57  (FegoMngo:  o  =  3.625  A)  on  Cu(lll)/Ni79Fe2i,  no 
clear  LEED  pattern  was  observed  for  thicknesses  between  19 
and  46  A.  TTie  quality  of  the  LEED  pattern  improved  over 
the  remaining  thickness  interval  up  to  130  A.  The  perpen¬ 
dicular  lattice  parameter  of  the  Fe43Mn57  layers  (on  relaxed 
Ni79Fe2i)  was  found  to  be  relaxed  to  2.09 ±0.02  A  at 
thicknesses  higher  than  46  A. 

For  the  Ni74Fe25  grown  on  Cu(OOl),  fee  LEED  patterns 
were  observable  for  the  investigated  thickness  range,  indicat¬ 
ing  epitaxial  growth.  From  the  LEED  [00]  reflections  we 
derived  =  1.81  ±0.01  A  for  the  Cu  substrate.  For 
Ni74Fe26  thicknesses  larger  than  16  A  </j^  =  1.72±0.01  A 
was  found,  which  remained  unchanged  over  the  whole  inves¬ 
tigated  thickness  range.  When  growing  Fe53Mn47  on  »his 
Ni74Fe26,  layer  reverted  to  jl±0.01  A.  At  about  21  A 
Fe53Mn47  cross-shaped  LEED  spots  became  visible  possibly 
hinting  to  the  presence  of  misfit  dislocations  along  the  [100] 
directions. 

Growing  Ni77Fe23  on  a  Cu(llO)  substrate  {d^^  =  l.28 
±0.01  A),  we  measured  rf4^  =  1.26±0.02  A  from  about  15 
A  up  to  a  thickness  of  85  A.  The  Fe4iMn59  wedge  grew 
coherently  up  to  =20  A.  For  larger  thicknesses  the  perpen¬ 
dicular  lattice  parameter  became  r/x-1.30±0.02A. 

B.  Exchange  biasing  and  coercive  fieid 

For  each  orientation,  typically  120  Kerr  hysteresis  loops 
(Fig.  3)  were  recorded.  For  the  [111]  oriented  layer  the  re¬ 
sults  of  the  Kerr  measurements  are  summarized  in  contour 
plots  for  //eb  and  (Fig.  4).  For  an  easier  interpretation 
intersections  of  these  plots  for  different  FeMn  thicknesses 
are  given  in  Fig.  5.  The  onset  of  the  biasing  was  found  at 
=25  A  FeMn  reaching  saturation  at  =55  A  FeMn  indepen¬ 
dently  of  the  NigoFe2o  thickness.  For  =70  A  NigoFe2o  //cb 
stays  almost  constant  at  14.7  kA/m  in  the  investigated  FeMn 
thickness  range  above  60  A  [Fig.  5(b)].  displays  a  sharp 
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Ni-Fa  thickness  (A)  Ni-Fe  thickness  (A) 


FIG.  4.  Contour  plots  of  and  W,  for  the  [111]  oriented  sample. 

maximum  at  the  onset  of  the  biasing  effect,  dropping  at 
thicker  FeMn  layers.  For  all  thickness  combinations  with  a 
FeMn  thickness  5=40  A,  is  smaller  than  Ha,.  For  Ni8oFe2o 
thicknesses  lower  than  «<50  A  a  maximum  in  and  for 
FeMn  thicknesses  in  the  range  of  60-90  A  is  observed  [Fig. 
5(a)].  For  (111)  bilayers  with  the  Ni8oFe2o  thickness  in  the 
interval  20-35  A,  is  lower  than  expected  from  the  IZ/pM 
behavior  observed  for  thicker  NigoFe2o. 

For  the  (001)  orientation  two  different  samples  were 
I  grown  with  the  field  during  growth  and  Kerr  measurements 

applied  along  the  [100]  and  [110]  in-plane  directions,  respec¬ 
tively.  The  aim  of  making  these  two  samples  was  to  deter¬ 
mine  whether  there  is  a  correlation  between  the  AF  surface 
spin  directions  {component  along  the  [110]  in-plane  direc¬ 
tions  in  the  (111)  spin  model,  see  Fig.  1(a)}  and  the  strength 
of  the  biasing.  Results  for  a  Nig3Fe2o  layer  thickness  of  65  A 
are  rendered  in  Fig.  6,  where  within  the  experimental  error 
margins  (±10%)  the  same  thickness  dependence  of  was 
found  for  both  .samples,  saturating  to  H^i,-\0  kA/m  for  high 
FeMn  thicknes.ses.  However,  a  much  higher  was  mea¬ 
sured  in  the  sample  grown  with  the  field  in  the  [110]  direc- 
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FeMn-lhidtness  (A)  FeMn-thickness  (A) 


FiG.  5.  Wcbl^Fe.Mn)  for  the  [111]  oriented  sample  for  32  and  70 

A  Ni79Fe2|. 


FeMn-thickness  (A)  FeMn-thickness  (A) 

FIG.  6.  //cbOpcMn)  etd  WcfrpcMn)  for  the  [001]  oriented  samples  grown  and 
measured  with  ^||[  110]  and //{{[lOO]. 


tion.  In  contrast  to  the  [lll]-oriented  samples,  stayed  at  a 
high  level  even  for  high  FeMn  thicknesses.  The  onset  of  the 
biasing,  together  with  an  increase  in  is  found  at  a  FeMn 
thickness  of  =«20  A,  whereas  constant  biasing  is  reached  at 
«=90  A.  This  result  was  seen  to  be  independent  of  the 
Ni8oFe2o  thickness.  For  a  given  FeMn  thickness.  Fig.  7 
shows  the  dependence  of  Ha,  and  H^  on  the  Ni8oFe2o  thick¬ 
ness  and  the  orientation  of  the  magnetic  field.  Whereas  for  a 
magnetic  field  applied  during  growth  and  measurement  along 
[110]  He  and  H^  vary  in  a  similar  manner,  for  a  field  applied 
along  [100]  He  became  smaller  than  H^  at  «=40  A  Ni8oFe2o. 
For  Ni8oFe2o  thicknesses  smaller  than  =«70  A  we  find  a  larger 
Ha  for  the  sample  with  the  field  during  growth  and  measure¬ 
ment  along  the  [110]  direction.  Biasing  is  stronger  parallel  to 
the  surface  spin  direction,  which  supports  the  (111)  spin 
model. 

For  the  (llO)-oriented  bilayer  the  onset  of  the  biasing 
effect  is  found  at  '«20  A  FeMn  and  it  saturates  at  =«50  A 
independently  of  the  NigoFe2o  thickness  [Fig.  8(a)].  A  weak 
maximum  in  the  biasing  effect  is  visible  for  a  FeMn  thick¬ 
ness  of  ®“60  A,  reaching  a  Ha,  of  '«8.9  kA/m  at  69  A 
Ni8oFe2o.  The  coercivity  again  shows  a  sharp  peak  at  the 
onset  of  the  biasing  effect  and  stays  larger  than  the  loop  shift 
even  for  thick  FeMn  layers.  The  expected  l/tpM  dependence 
of  Ha  was  observed  down  to  /NiFe^20  A.  The  coupling  of 


FIG.  7.  and  //c(<ni.fc)  for  fo®  [001]  oriented  samples  for  compa¬ 

rable  FeMn  thickne.^,  but  grown  and  measured  with  //||[110]  and 

//miooi. 
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FIG.  8.  Hcb('FeMn)>  HcOuMn)  fof  Ihc  [Oil]  Oriented  sample  for  32 -d  69  A 
Ni8oFe2o. 


the  NigoFe2o  film  to  the  FeMn  introduces  a  remarkable  in¬ 
plane  anisotropy.  For  30  A  Ni8oFe2o  and  a  70  A  FeMn  layer, 
a  field  of  »220  kA/m  has  to  be  applied  along  the  [001] 
in-plane  direction  to  obtain  saturation.  Details  of  this  anisot¬ 
ropy  and  its  possible  explanations  will  be  discussed  else¬ 
where. 

IV.  DISCUSSION 

To  grow  the  substitutional  disordered  alloy  FegoMnjo  in 
the  antiferromagnetic  y  phase,  a  suitable  fee  substrate  is  de¬ 
sired.  The  y  phase  is  metastable  for  Mn  concentrations  of 
more  than  54  at.  %.  Even  in  the  presence  of  a  fee  seed  layer 
such  as  NigoFcio  or  Cu  the  FeMn  a  phase  has  been  observed 
to  form  in  sputtered  samples  beyond  a  thickness  of  a  few 
hundred  A.'*  Our  experiments  show  that  it  is  possible  to 
stabilize  y-phase  FeMn  on  several  differently  oriented  per¬ 
malloy  layers.  However,  for  the  (111)  case,  the  LEED  studies 
did  not  convincingly  show  that  high  quality  epitaxial  growth 
was  realized  for  all  FeMn  thicknesses. 

The  growth  of  FeggMnjo  on  NiggFe^o  was  investigated 
earlier  by  transmission  electron  microscopy  (TEM)  on  sput¬ 
tered  samples,'^  where  an  epitaxial  relationship  between  the 
two  layers  was  found.  Epitaxial  strain  (2.4%  misfit)  was 
found  to  be  confined  locally  within  each  grain  and  was  ac¬ 
comodated  by  coherent  strain  across  the  interface.  Therefore, 
we  were  curious  whether  a  Cu(lll)  single  crystal,  which  has 
a  closer  lattice  match  with  FejoMnjo  than  Ni(,9Fe2o,  would  be 
a  better  substrate  for  growing  epitaxial  well-oriented  Fe-Mn. 
We  found  that  this  is  not  the  case.  MBE-evaporated  layers  of 
P®ioo-jfMn^  alloys  (x=46-51)  on  a  Cu(lll)  sub.strate  at 
300  and  450  K  still  gave  diffuse  LEED  patterns  with  three¬ 
fold  symmetry  in  the  0-20  A  thickness  range.  For  thicker 
layers  the  spots  became  even  fuzzier  and  disappeared  at  =45 
A.  This  suggests  a  polycrystalline  growth  of  FeMn  on  Cu. 

To  allow  a  comparison  of  the  magnetic  properties  of  our 
Ni8oFe2{>/Fe5i,Mn5o  bilayers  with  earlier  work,  Table  I  gives  a 
compilation  of  results  on  sputtered  and  evaporated 
substrate/Ni8oFe2(/Feioo_;^Mn_j  samples  prepared  on  differ¬ 
ent  substrates.  The  strength  of  the  exchange  biasing  is  ex¬ 
pressed  in  terms  of  the  product  //eb^^PM  •  I*  cannot  be  ex¬ 
cluded  that  the  variation  of  the  composition  of  the  Fe-Mn 
layers  slightly  influences  the  observed  variation  of  //^b  with 


the  growth  direction;  this  dependence  is  however  well 
documented.'*’**  Hemstead  et  al*  find  a  maximum  biasing 
for  their  HV  evaporated  Fe47Mn53  alloy.  In  our  samples,  even 
when  taking  possible  differences  in  the  FeMn  compositions 
into  account,  the  [111]  oriented  bilayers  had  the  strongest 
exchange  coupling.  No  correlation  is  found  between  the 
strength  of  the  biasing  and  the  compensated  or  uncompen¬ 
sated  nature  of  the  ideal  interfaces  illustrated  in  Fig.  1.  Spe¬ 
cifically,  the  [110]  oriented  sample,  with  uncompensated  in¬ 
terface  in  the  ideal  case,  shows  the  weakest  biasing.  Possible 
explanations  include  a  different  spin  structure,  modification 
of  the  interface  spin  structure  or  the  presence  of  a  rough 
interface.  Since  results  on  the  (001)  samples  support  the 
(111)  spin  model,  it  is  perhaps  most  likely  that  roughness 
causes  partially  uncompensated  interfaces  in  all  orientations. 
Malozemoff’s**  proposals  can  then  account  for  the  presence 
of  biasing  in  all  three  orientations. 

Sputtered  samples  on  Si  and  Si(001)/Ta/Ni8oFe2o/Cu 
“substrates,”  i.e.,  in  a  spin-valve  magnetoresistance  multi¬ 
layer,  display  the  strongest  biasing.  The  interface  coupling  of 
sputtered  bilayers  on  glass  substrates  varies  strongly  with  the 
sputtering  conditions.  Our  MBE-grown  samples  have  a  well- 
defined  sharp  interface.  Interface  mixing  due  to  the  higher 
kinetic  energy  of  the  sputter-deposited  atoms  could  cause 
stronger  biasing  similar  to  the  effect  caused  by  annealing, 
creating  a  Ni-Mn-Fe  alloy  at  the  interface.'®  The  presence  of 
a  thin  ferromagnetic  layer  at  the  interface  with  a  magnetiza¬ 
tion  uifferent  from  the  bulk^"  could  result  in  a  wrong  deter¬ 
mination  of  the  “magnetic  thickness.”  Results  for  thick 
are  therefore  more  reliable. 

For  the  observed  dependence  of  the  biasing  field  and 
coercivity  on  the  thickness  of  the  AF  layer  we  present  the 
following  hypothesis:  The  stability  of  the  AF  spin  configura¬ 
tion  depends  on  the  balance  between  the  change  of  the  inter¬ 
facial  energy  when  the  FM  layer  is  reversed  and  the  stabiliz¬ 
ing  “coercivity”  in  the  AF  layer.  Upon  increasing  the  AF- 
film  thickness  the  number  of  bulk  inhomogeneities  in  the  AF 
layer  is  increased  leading  to  more  effective  pinning  of  the  AF 
spin  configuration  and  to  biasing  beyond  a  certain  critical 
Fe-Mn  thickness.  Around  this  critical  Fe-Mn  thickness  lo¬ 
cally  the  spin  configuration  remains  fixed,  leading  to  biased 
FM  “particles”  in  a  matrix  of  magnetically  soft  unbiased 
material.  This  results  in  the  high  coercivity  of  such  a  mag¬ 
netically  inhomogeneous  .system.^'  Upon  a  further  increase 
of  the  Fe-Mn  layer  thickness,  the  Ni8oFe2o  layer  becomes 
more  homogeneously  biased,  and  //<,  drops.  The  precise  na¬ 
ture  of  the  inhomogeneities  in  the  AF  layer  (e.g.,  structural, 
thickness  or  compositional  randomness),  is  unclear.  If  com¬ 
positional  randomness  in  the  AF  leads  to  variations  of  the 
anisotropy  constant  this  model  coincides  with  an  earlier  sug¬ 
gestion  by  Schlenker  et  al.^  who  proposed  different  types  of 
AF  regions.  In  some  regions  with  large  AF  anisotropy  the 
spins  are  blocked  and  responsible  for  the  loop  shift;  in  others 
with  weaker  anisotropy  the  AF  moments  rotate  irreversibly 
when  the  FM  magnetization  rotates.  In  another  interpreta¬ 
tion,  Speriosu  et  al.^^  and  Parkin  et  al."^  discuss  regions  with 
locally  different  blocking  temperatures  depending  on 
which  contribute  to  the  net  anisotropy  as  independent  par¬ 
ticles. 
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At  Fe-Mn  thicknesses  where  biasing  is  saturated  we  ob¬ 
serve  for  the  [111]  orientation  that  becomes  smaller  to¬ 
ward  higher  FeMn  thicknesses,  whereas  for  the  [100]  and 
[110]  orientations  it  stays  almost  constant  for  a  given 
NisQp^ao  thickness.  We  correlate  this  to  the  in-plane  anisot¬ 
ropy  of  the  exchange  coupled  Ni8oFe2o  system.  The  anisot¬ 
ropy  energy  is  isotropic  in  the  (111)  plane,  whereas  there  are 
easy  and  hard  directions  in  the  (100)  and  (110)  planes. 

The  weak  maximum  in  Ha,  just  after  the  onset  of  the 
biasing  for  ““bO  A  FeMn  thiclmess  found  in  our  [111]  and 
[110]  oriented  samples  (Figs.  4  and  7),  was  also  observed  for 
sputtered  glass/Ta^iFe/FeMn  and  glass/NiFe/FeMn  sam- 
ples,^'*  especially  after  annealing  the  samples.  In  our  experi¬ 
ments  and  the  earlier  work  it  is  not  clear  if  these  findings 
have  their  origin  in  structural  properties  of  the  bilayer,  or  if 
they  confirm  Malozemoff’s*'*  prediction  of  an  increased  Ha, 
in  the  “Heisenberg  domain  state.” 

V.  CONCLUSIONS 

In  conclusion,  for  highly  oriented  MBE  grown 
NigoFe2o/Fe5oMn5o  systems  we  have  demonstrated  that  H^^, 
and  He  strongly  depend  on  the  crystal  orientation.  To  obtain 
maximum  biasing  at  a  minimum  coercive  field  a  [111]- 
oriented  layer  system  is  favorable.  No  obvious  relation  be¬ 
tween  the  strength  of  the  biasing  and  the  compensated  or 
uncompensated  nature  of  the  FM/AF  interface  in  the  [111], 
[001],  or  [110]  oriented  bilayers  was  found.  However,  we 
observe  that  the  (110)  samples  behave  differently  in  that  they 
show  a  high  in-plane  anisotropy.  The  observation  that  Ha, 
and  He  depends  on  the  in-plane  direction  of  the  field  applied 
during  growth  and  measurement  for  the  (001)  samples,  giv¬ 
ing  a  higher  Heb  for  f/||[110],  is  consistent  with  the  (111) 
spin  model  for  the  antiferromagnetic  layer. 
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Magnetic  properties  of  epitaxial  MnAI/NiAl  magnetic  multilayers  grown 
on  GaAs  heterpstructures  (Invited) 

T  L.  Cheeks,  J.  P.  Harbison,  M.  Tanaka,®^  D,  M.  Hwang,  T.  Sands, 

and  V.  G.  Keramidas 

Bellcore,  Red  Bank,  New  Jersey  07701 

New  ultrathin  epitaxial  magnetic  multilayers  consisting  of  ferromagnetic  rMnAl  and  nonmagnetic 
NiAl  have  been  prepared  on  GaAs  by  molecular  beam  epitaxy.  The  magnetic  and  magneto-optic 
properties  of  these  multilayers  and  the  effect  of  incorporating  nonmagnetic  NiAl  into  the  structure 
have  been  investigated.  Perpendicular  magnetization  was  confirmed  and  the  remnant  magnetization 
and  coercivity  were  improved  compared  to  rMnAl  thin  films.  In  addition,  by  systematically 
changing  the  thickness  of  the  NiAl  layer  the  magnetic  properties  could  be  controlled.  We  discus.*" 
these  issues  and  compare  the  magnetic  and  magneto-optic  properties  of  these  structures  with  other 
epitaxial  magnetic  structures. 


A  variety  of  novel  thin  films  and  heterostractures  have 
been  made  possible  due  to  the  recent  progress  in  heteroepi- 
taxial  growth  techniques.  One  unique  combination  is  the  ep¬ 
itaxial  growth  of  ferromagnetic  metals  on  compound  semi¬ 
conductors  for  a  new  class  of  potential  devices  that  exploit 
the  properties  of  both  materials.  This  requires  compatible 
materials  that  retain  both  their  magnetic  and  semiconducting 
properties  during  growth.  In  recent  years  epitaxial  growth  of 
ferromagnetic  metal  films,  such  as  Fe  on  GaAs  have  been 
demonstrated  by  Prinz.‘  This  work  generated  a  great  deal  of 
interest  in  the  properties  of  single  crystal  ultrathin  magnetic 
layers.  Prinz^  describes  the  potential  of  these  materials  for 
devices  such  as  magnetic  memory  elements  using  magnetic 
sandwiches  and  spin  injection  devices.  Although  many  appli¬ 
cations  require  the  magnetization  to  be  in-plane,  there  are  a 
number  of  applications  that  require  the  magnetization  to  be 
perpendicular  to  the  film  plane.  This  configuration  not  only 
allows  higher  density  magnetic  and  magneto-optic  recording, 
but  also  allows  using  the  magnetic  field  to  Influence  the  elec¬ 
trons  in  an  underlying  semiconductor  or  to  use  the  magneto¬ 
optic  properties  of  the  magnetic  thin  film  to  control  underly¬ 
ing  optoelectronic  devices. 

Recently,  Sands  and  co-workers^’'*  reported  successful 
growth  of  epitaxial,  perpendicularly  magnetized,  ferromag¬ 
netic  rMnAl  films  on  {lOOl  GaAs  by  molecular  beam  epitaxy 
(MBE).  The  t  phase  of  MnAl  in  the  bulk  has  a  Curie  tem¬ 
perature  of  380  °C,  a  saturation  magnetization  of  490 
emu/cm^  and  an  intrinsic  coercivity  of  4.6  kOe.^  It  is  the 
only  fenomagnetic  phase  in  the  bulk  rMnAl  system  and  can 
be  formed  in  the  bulk  by  rapid  cooling  from  the  high- 
temperature  hexagonal  phase.  Other  techniques,  such  as 
evaporation®  and  magnetron  sputtering’  have  been  used  to 
deposit  polycrystalline  rlVlnAl  films,  but  stabilizing  the  t 
phase  was  difficult.  It  was  found  that  heteroepitaxy  helps  to 
align  the  c  axis  of  the  tetragonal  unit  cell,  which  is  the  di¬ 
rection  of  easy  magnetization,  along  the  direction  perpen¬ 
dicular  to  the  substrate.  The  perpendicular  magnetization  of 
rMnAl  thin  films  was  demonstrated  by  the  extraordinary 
Hall  effect  (EHE).^  The  measurements  showed  a  hysteretic 
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behavior  with  rectangular  shaped  loops  and  100%  remnance. 
The  remnant  magnetization  (A/^)  of  the  films  was  171 
emu/cm^  with  a  coercivity  (Z/^)  of  5.03  kOe  and  magneto¬ 
optic  Kerr  rotation  of  0.16°.*  In  addition,  the  integrity  of  the 
interfaces  between  the  magnetic  metal  and  the  underlying 
{Al,Ga)As  could  be  maintained  as  indicated  by  the  Schottky 
diode  characteristics.® 

Because  many  applications  require  higher  (>200 
emu/cm*),  lower  values  of  (0.5  kOe<//p<3.0  kOe)  and  a 
higher  magneto-optic  Kerr  rotation  (>0.3°)  in  addition  to  a 
square  hysteresis,  we  have  investigated  other  material  sys¬ 
tems.  The  possibility  of  improving  the  magnetic  and 
magneto-optic  properties  has  been  explored  by  growing  thin 
films  such  as  (Mn,Ni)Al,*®’''  MnGa,*’  (Mn,Ni)Ga,’*  and 
magnttic  multilayers.*'*’** 

The  addition  of  up  to  4  at.  %  Ni  to  tMuAI  sputtered 
films  has  led  to  higher  and  //<, .’  We  have  shown**  that  in 
epitaxial  tMoAI  films  with  up  to  17  at.  %  Ni  a  similar  in¬ 
crease  in  magnetization  was  not  observed  most  probably  due 
to  the  coherency  that  existed  between  the  films  and  the 
GaAs.  Unlike  rMnAl,  which  is  a  metastable  phase,  thermo¬ 
dynamically  stable  epitaxial  films  of  MnGa  with  55%-60% 
Mn  have  been  grown  successfully.*’  An  Mf  of  225  emu/cm* 
and  He  of  3.15  kOe  have  been  measured,  which  represents 
an  improvement  over  the  magnetic  properties  of  rMnAl 
films.  Similarly,  the  addition  of  Ni  to  MnGa  thin  films  re¬ 
sulted  in  decreasing  the  perpendicular  magnetization.** 

In  the  past,  semiconductor  superlattices  have  had  a  tre¬ 
mendous  impact  on  the  fundamental  physics  of  semiconduc¬ 
tors  and  device  applications.  Ultrathin  multilayers  and  het- 
erostructures  of  dissimilar  metallic  compounds  may  also 
have  the  same  potential.  A  new  class  of  ultrathin  epitaxial 
magnetic  multilayers  consisting  of  ferromagnetic  metal 
TMnAl  and  nonmagnetic  metal  NiAl  have  been  grown  re¬ 
cently  by  MBE.**  These  new  structures  allow  further  exploi¬ 
tation  of  the  accurately  controlled  thicknesses  and  abrupt  in¬ 
terfaces  obtained  by  MBE.  Furthermore,  the  possibility  of 
controlling  the  magnetic  properties  within  these  unique  epi¬ 
taxial  structures  opens  up  new  opportunities  for  novel  device 
applications. 

In  this  paper,  we  discuss  the  magnetic  and  magneto-optic 
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(a) 

FIG.  1.  Schematic  of  crystal  structures  of  tMoAI,  NiAl,  and  GaAs,  and  the 
multilayer  structure  of  MnAl/NiAl  grown  on  GaAs. 

properties  of  ultrathin  rMnAl/NiAl  multilayers  films.  We  de¬ 
scribe  these  properties  as  a  function  of  systematically  in¬ 
creasing  the  NiAl  film  thickness  within  the  multilayer  struc¬ 
ture.  Furthermore,  we  compare  the  properties  of  the 
multilayer  films  with  that  of  rMnAl,  (Mn,Ni)Al,  and  MnGa/ 
NiGa  magnetic  multilayers. 

The  crystal  structure  of  rMnAl  is  an  ordered  CuAu-type 
tetragonal  lattice  with  alternating  planes  of  Mn  and  A1  along 
the  c  axis  as  shown  in  Fig.  1(a).  In  bulk  quenched  films,  the 
basal  plane  lattice  parameter  is  ao=0.277  nm  and  Co=0.354 
nm.^  Stoichiometric  NiAl  is  a  nonmagnetic  intermetallic 
with  a  cubic  CsCl-type  crystal  structure  with  a  lattice  con¬ 
stant  of  «o=0.289  nm.  The  basal  plane  lattice  parameters  for 
both  NiAl  and  tMhAI  are  close  to  half  of  the  lattice  constant 
of  GaAs  (ao=0.283  nm).  Thus  the  lattice  mismatch  for  NiAl 
on  GaAs  is  +2.1%  and  rMnAl  on  GaAs  is  -2.1%.  The 
measured  lattice  parameters  for  MBE  grown  epitaxial  rMnAl 
on  GaAs  by  x-ray  diffraction  show  that  ao=0.283  nm  and 
Co =0.345  nm  indicating  that  coherency  between  rMnAl  and 
the  underlying  GaAs  result  in  a  reduced  tetragonality  com¬ 
pared  to  bulk  crystals.^ 

In  this  study,  a  series  of  multilayer  samples  were  grown 
with  alternating  Y  monolayers  of  rMnAl  and  X  monolayers 
of  NiAl.  A  monolayer  (ML)  thickness  of  MnAl/NiAl  is  de¬ 
fined  here  as  the  Al-Al  spacing  in  the  ordered  CuAu-type 
tetragonal  structure  (CsCl-type  structure).’^  The  number  of 
tMuAI  monolayers  was  held  constant  at  y=3  ML  (1.05  nm) 
while  the  number  of  NiAl  monolayers  ranged  from  A'= 1-6 
ML.  This  corresponds  to  a  NiAl  thickness  of  0.35  to  2.1  nm. 
The  TMnAl  thickness  was  held  constant  because  thicker  lay¬ 
ers  would  influence  the  magnetic  properties.  There  were  ten 
periods  for  all  samples  resulting  in  a  total  rMnAl  thickness 
of  10.5  nm. 

The  MnAl/NiAl  multilayers  were  grown  using  a  conven¬ 
tional  MBE  equipped  with  Mn  and  Ni  effusion  cells.  The 
multilayer  structures  were  grown  beginning  with  a  semi- 
insulating  (001)  GaAs  substrate  as  shown  in  the  schematic  in 
Fig.  1(b).  Above  the  substrate,  a  100-nm-thick  undoped 


FIG.  2.  Cross-sectional  transmission  electron  microscopy  taken  from  a 
MnAI(3  ML)/NiAl(3  ML)  film  with  ten  periods. 

GaAs  buffer  layer  and  a  5-nm-thick  AlAs  layer  were  grown 
at  580  °C.  Following  the  heterostructure  growth,  the  sub¬ 
strate  temperature  was  cooled  to  250  °C  and  the  arsenic  flux 
eliminated.  The  multilayers  were  then  grown  at  a  substrate 
temperature  of  250  "C  in  an  arsenic-free  ambient.  The  metal 
layers  were  grown  using  a  template  approach  in  which  1  ML 
of  Ni  was  initially  deposited  on  the  AlAs  surface  and  then  Ni 
and  A1  at  a  1:1  ratio  were  codeposited  at  a  growth  rate  of 
0.052  fim/h.  Then,  rMnAl  was  grown  on  the  CsCl-type 
(001)  NiAl  surface  by  codeposition  of  Mn  and  A1  at  a  growth 
rate  of  0.061  fim/h.  The  Mn/Al  ratio  was  60/40  in  order  to 
ensure  the  formation  of  the  ferromagnetic  r  phase  with  good 
magnetic  properties.'^  Alternating  monolayers  of  rMnAl  and 
NiAl  were  repeated  to  form  a  structure  with  the  desired  num¬ 
ber  of  periods.  Finally,  a  8-ML-thick  NiAl  cap  was  grown  on 
top  and  a  postgrowth  anneal  of  350  °C  for  2  min  was  per¬ 
formed.  The  time  and  temperature  of  the  postgrowth  anneal 
was  optimized  in  order  to  produce  the  best  magnetic  proper¬ 
ties.  The  anneal  was  found  to  be  absolutely  essential  to  the 
obtaining  good  magnetic  properties. 

Additional  samples,  with  MnAl(6  ML)/NiAl(3  ML)  with 
five  periods  and  a  Mn3oNi3oAl4o  alloy  were  grown  to  deter¬ 
mine  the  effect  of  thicker  MnAl  multilayers  and  comparable 
alloys  on  the  mag.'ietic  properties. 

The  crystalline  structure  was  verified  using  in  situ  reflec¬ 
tion  high-energy  electron  diffraction  (RHEED)  along  the 
(110)  azimuth  during  growth.  Streaky  RHEED  patterns'* 
were  maintained  throughout  the  growth  of  the  multilayers 
indicating  that  monocrystalline  multilayers  with  the  desired 
epitaxial  orientation  of  [110](001)MnAl/NiAl// 
[110](001)GaAs  were  maintained.  After  the  tenth  period,  the 
RHEED  pattern  of  the  NiAl  surface  was  a  little  less  streaky 
than  the  rMnAl  surface  which  showed  very  sharp  streaks. 
This  indicates  that  roughness  on  an  atomic  scale  was  present 
on  the  NiAl  surface  under  the  present  growth  conditions.  The 
RHEED  pattern  did  not  change  significantly  after  the  post¬ 
growth  anneal.  The  sharp,  streaky  RHEED  patterns  were  ob¬ 
served  throughout  most  of  the  multilayer  growth  runs  which 
indicates  that  they  were  all  high-quality  monocrystalline 
films  with  the  proper  epitaxial  orientations.  The  RHEED  pat¬ 
terns  of  the  multilayers  were  better  than  those  of  rMnAl, 
which  may  be  due  to  the  reduction  in  strain  between  these 
layers. 

Cross-sectional  transmission  electron  microscopy  (lEM) 
results  for  a  M.iAl(3  ML)/NiAl(3  ML)  sample  is  shown  in 
Fig.  2,  The  figure  shows  a  (110)  bright  field  im.'ige  of  the 
multilayer  with  ten  periods  grown  on  AlAs/GaAs.  The  image 
shows  that  the  interfaces  were  very  smooth  arid  Aat  compo- 
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FIG.  3.  Magnetization  curves  of  (a)  MiiAl/NiAl  multilayer  and  (b)  rMnAI 
thin  film. 


sitional  modulation  was  achieved  in  such  a  thin  periodic 
structure.  The  extremely  smooth  interfaces  indicated  that 
there  was  little  if  any  interfacial  mixing  between  the  rMnAl 
and  the  NiAl.  Analysis  of  the  diffraction  pattern  confirmed 
that  the  multilayers  were  stacked  with  the  desired  epitaxial 
orientations  of  [110](001)MnAl/NiAl//[110](001)GaAs  and 
that  the  c  axis  of  the  tetragonal  rMnAl  was  aligned  normal  to 
the  substrate.  The  Cq  lattice  parameter  of  the  rMnAl  layers 
was  estimated  to  be  0.33-0.34  nm.  This  value  was  less  than 
the  0.354-nm  bulk  value  and  slightly  less  than  the  0.345 
value  for  10-nm-thick  MBE  grown  rMnAl  films.*®  This  in¬ 
dicates  that  the  rMnAl  multilayers  showed  a  significantly 
reduced  tetragonality  possibly  due  to  elastic  strain  at  the  in¬ 
terface. 

Measurements  of  the  magnetic  properties  of  the  MnAl/ 
NiAl  multilayers  were  performed  using  vibrating  sample 
magnetometer  (VSM),  magneto-optic  Kerr  effect  mea¬ 
surements  and  the  extraordinary  Hall  effect  at  room  tempera¬ 
ture.  The  multilayer  samples  were  all  measured  by  VSM  in  a 
magnetic  field  up  to  10  kOe.  Figure  3(a)  shows  a  hysteresis 
loop  from  a  MnAl(3  ML)/NiAl(3  ML)  sample  with  a  slightly 
different  annealing  condition.  The  nearly  square  hysteresis 
loop  indicates  perpendicular  magnetization  and  the  and 
He  measured  314  emu/cm^  and  0.550  kOe,  respectively.  For 
comparison,  the  hysteresis  loop  of  a  rMnAl  thin  film  is 
shown  in  Fig.  3(b).  The  figure  shows  that  not  only  was  the 
magnetization  improved,  but  the  //<.  was  also  dramatically 
reduced. 

The  M,  and  values  obtained  for  this  multi'ayer  film 
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TABLE  I.  Comparison  of  magnetic  properties  in  MnAl(3  ML)/NiAl(3  ML), 
•rMnAI,  Mn3oNi3oAl4o,  and  MnGa  (6  ML)/NiGa(6  ML). 


Sample 

Mr 

(emu/cm^) 

He 

(kOe) 

Oh 

(degree) 

MnAl(3  ML)/NiAl(3  ML) 

314 

0.550 

0.1 

MnAl 

171 

5.029 

0.16 

Mn3oNi3oAl4o 

57 

1.215 

MnGa(6  ML)/NiGa(6  ML) 

302 

2.29 

were  higher  than  those  obtained  for  rMnAl,  (Mn,Ni)Al  films 
and  MnGa/NiGa  multilayers.  Table  I  compares  the  , 

and  Oh  of  these  four  structures.  The  and  of  a  10-nm- 
thick  TMnAl  film  clearly  differs  from  that  of  the  MnAl(3 
ML)/NiAl(3  ML)  multilayer  such  that  the  Mr(171  emu/cm^) 
was  lower  and  the  He  was  higher  (5.029  kOe)  than  the 
multilayer.  In  addition,  a  similar  thickness  Mn3oNi3oAl4o  al¬ 
loy  of  comparable  composition  to  the  multilayer  also  showed 
a  somewhat  reduced  Af  ^(57  emu/cm^)  and  a  higher  Heil.215 
kOe)  than  the  multilayer.  Also,  multilayers  of  MnGa(6  ML)/ 
NiGa(6  ML)  showed  a  reduced  and  higher  He  for  even 
thicker  magnetic  (MnGa)  layers.*"*  Thus  for  applications  that 
require  integration  of  perpendicularly  magnetized  materials 
with  underlying  semiconductor  electronics  the  higher  mag¬ 
netization  and  lower  coercivity  measured  here  for  MnAl/ 
NiAl  multilayers  seem  quite  desirable. 

The  effect  of  incorporating  NiAl  into  a  multilayer  struc¬ 
ture  was  studied  with  the  series  of  samples  with  the  same 
growth  and  annealing  conditions.  Figure  4  shows  the  effect 
of  increasing  the  NiAl  thickness  on  the  and  He  in  the 
MnAl  (3  ML)/NiAl(J  ML)  samples.  As  the  NiAl  thickness 


NiAl  Thickness  (ML) 


FIG.  4.  Measurement  of  (a)  remnant  magnetization  and  (b)  coercivity  of 
MnAl{3  MLl/NLAIfA")  with  A’=  1-6  ML  multilayers  as  a  function  of  NiAl 
thickness. 
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FIG.  5.  Magneto-optic  Kerr  rotation  of  MnAl(3  ML)/NiAl(3  ML)  as  a  func¬ 
tion  of  wavelength. 


(A')  increases,  the  M,  increases  from  171  emu/cm^  to  as  high 
as  314  emu/cm^  for  A'=3  ML.  Beyond  3  ML  the  M,  re¬ 
mained  fairly  constant.  The  figure  also  shows  that  the  He 
decreases  to  a  value  of  0.55  kOe  for  AT =3  ML.  In  all  cases, 
the  M,  of  the  multilayer  structures  was  higher  than  the 
TMnAl,  (Mn,Ni)Al,  and  MnGa/NiGa  samples  of  similar 
thickness.  As  expected,  the  A/,  increased  if  the  thickness  of 
the  TMnAl  was  increased,  as  indicated  by  measurements  of  a 
MnAl  (6  ML)/NiAl(3  ML)  multilayer  with  a  M,  of  342 
emu/cm^. 

The  magneto-optic  Kerr  rotation  was  measured  on  a 
MnAl  (3  ML)/NiAl(3  ML)  sample  as  a  function  of  the  wave¬ 
length  from  830  to  270  nm.  The  rotation  was  measured  after 
the  samples  had  been  poled  either  parallel  or  antiparallel  to 
the  film  normal  by  exposure  to  a  8.0-kOe  magnetic  field.  The 
Kerr  rotation,  shown  in  Fig.  5  was  about  0.10°  at  800  nm  and 
remained  fairly  constant  between  450  and  800  nm.  The  lower 
Kerr  rotation  measured  for  the  multilayer  compared  to 
tMuAI  may  be  attributed  in  part  to  2.8-nm-thick  nonmag¬ 
netic  NiAl  cap  on  the  surface  of  the  structure.  Both  rotation 
values  are  slightly  lower  than  the  0.3°  to  0.4°  values  reported 
for  TbFeCo,  but  similar  to  0.r-0.2°  reported  for  Co/Pt 
multilayers.”  A  reasonable  value  of  the  Kerr  rotation  is  im¬ 
portant  particularly  for  applications  such  as  magneto-optic 
recording  or  devices  which  utilize  the  rotation  of  polarization 
for  the  modulation  of  light. 

The  extraordinary  Hall  effect  measurements  performed 
on  MnAl(3  ML)/NiAl(Af  ML)  multilayers  were  all  nearly 
square.  The  EHE  is  caused  by  the  asymmetric  scattering  of 
electrons  by  magnetic  species  in  a  ferromagnetic  material.  A 
square  shaped  hysteresis  loop  therefore  indicates  a  large 
component  of  magnetization  perpendicular  to  the  film  plane 
and  the  Hall  resistance  is  a  measure  of  the  film  quality. 
Samples  were  fabricated  into  a  Hall  bar  configuration  by 
photolithography  and  chemical  etching.  Typically,  a  100-/uA 
dc  current  was  applied  to  a  200-/im-wide  Hall  bar  that  was 
placed  into  a  magnetic  field  oriented  perpendicular  to  the 
film  plane. 

Figure  6  shows  the  results  of  a  200-Mm  Hall  bar  mea- 
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FIG.  6.  Extraordinary  Hall  effect  chatccterislics  of  a  MnAl(3  ML)/NiAl(3 
ML)  multilayer  measured  at  room  tempo  aturc. 

surement  in  which  a  rectangular  hysteresis  loop  was  ob¬ 
tained.  Switching  of  the  magnetization  direction  occurred 
within  an  increment  of  200-400  kOe.  The  switching  field 
needed  to  reach  saturation  is  believed  to  be  due  to  a  domain 
wall  sweeping  across  the  intersection  of  the  Hall  bar.  The 
saturation  values  of  the  Hall  resistance  were  in  the  range  of 
2.0-2.5  ft,  which  are  considered  large  enough  for  electrical 
readout.”  Single  step  hysteresis  loops  were  observed  for  all 
the  measured  samples.  This  differed  from  the  multistepped 
EHE  measured  for  MnGa/NiGa  multilayers  which  may  be 
applicable  to  multilevel  signal  recording.”  The  reason  for 
these  steps  or  lack  of  them  is  not  clear,  but  may  be  due  to 
less  strain  energy  within  the  TMnAl  multilayers  than  the 
MnGa  multilayers. 

The  improved  magnetization  with  thicker  NiAl  layers 
may  in  part  be  due  to  the  reduced  tetragonality  observed  in 
these  structures  compared  to  tMuAI.  The  da  ratio  decreased 
from  1.29  in  the  bulk,  to  1.22  in  epitaxial  TMnAl  to  about 
1.18  for  MnAl  (3  ML)/NiAl(3  ML)  multilayers.  This  sug¬ 
gests  a  decrease  in  the  tetragonality  which  appears  to  be 
coincident  with  a  rise  in  remnant  magnetization.  Morisako^ 
suggested  that  as  both  the  Cy  and  ay  lattice  constants  de¬ 
crease  the  magnetization  of  iMnAl  should  increase.’  It  was 
suggested  that  the  elongated  distortion  of  the  tetragonal  lat¬ 
tice  weakens  the  exchange  interaction  between  the  electrons. 
Therefore,  if  the  lattice  constants  are  reduced,  a  higher  mag¬ 
netization  would  be  obtained.  In  general,  this  may  explain 
the  improved  magnetization  within  an  optimized  MnAl  (3 
ML)/NiAl(3  ML)  multilayer.  Hence,  the  role  of  strain  on 
both  magnetization  and  coercivity  may  be  an  important  pa¬ 
rameter  that  requires  further  investigation  in  order  to  exploit 
tunable  magnetic  properties  within  epitaxially  designed  mag¬ 
netic  thin  films. 

In  summary,  we  have  discussed  the  magnetic  and 
magneto-optic  properties  of  ultrathin  ferromagnetic  rMnAl 
and  nonmagnetic  NiAl  multilayers  growm  by  MBE  on 
(Al,Ga)  As  heterostructures.  These  structures  showed  per- 
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pendicular  magnetization,  improved  remnant  magnetization 
and  a  lower  coercivit>  compared  to  thin  film  TMnAl.  Both 
the  remnant  magnetization  and  coercivity  can  be  adjusted 
and  further  improved  by  incrementally  increasing  the  mono¬ 
layer  thickness  of  the  nonmagnetic  NiAl  layer.  The  magneto¬ 
optic  and  magnetic  properties  described  here  may  be  suitable 
for  device  applications  which  include  magnetically  con¬ 
trolled  optoelectronics  and  nonvolatile  memory  elements. 
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Bi-  and  Al-doped  DyIG(y  A)/Fe(x  A)  (y  =50  to  130  A  and  x=5  to  15  A)  multilayer  thin  films  were 
made  by  magnetron  sputtering  onto  Si(lll)  substrates.  Rapid  thermal  annealing  was  used  to 
crystallize  these  garnet  multilayers.  The  crystallized  multilayer  samples  possess  well-defined 
interfaces.  Atomic  force  microscopy  showed  that  the  annealed  samples  had  smooth  surfaces,  with 
small  grain  sizes  (~30  to  80  nm).  All  of  the  samples  had  perpendicular  magnetic  anisotropy  with 
very  square  hysteresis  loops.  The  coercivity  was  found  to  vary  from  600  Oe  to  2  kOe,  depending  on 
Fe  thickness  and  annealing  conditions.  The  measured  figure  of  merit  \jR{0f-+e^)  at  420  nm  was 
bigger  than  0.4,  suggesting  that  Bi-  and  Al-doped  DylG/Fe  multilayers  are  promising  candidates  for 
blue  light  magneto-optical  recording  applications. 


Bi-doped  DylG  (garnet)  thin  films  have  moderate  per-  roughly  at  1000  A.  As-deposited  films  arj  amorphous.  The 

pendicular  magnetic  anisotropy  and  large  magneto-optical  samples  were  then  crystallized  in  air  using  a  home-built 

Faraday  effect  in  the  blue  region  of  the  spectrum.  The  mag-  rapid  thermal  annealing  system  consisting  of  a  1-kW  halogen 

netic  parameters  such  as  the  coercivity  Hg  and  the  saturation  tamp  with  the  light  focused  on  the  sample  by  an  ellipsoidal 

magnetization  are  easily  varied  through  changes  in  the  mirror.  The  maximum  heating  ramp  rale  using  this  system 
composition.  These  properties  are  the  key  for  the  materials  to  was  about  30  °C/s.  The  samples  were  typically  annealed  at 

be  used  as  a  magneto-optical  (MO)  recording  media  at  blue  650  °C  for  2  to  5  min.  The  microstructure  and  surface  mor- 

laser  wavelengths.'"*  Unfortunately,  the  garnets  are  poly-  phology  of  both  as-deposited  and  an-.ealed  samples  were  in- 

cry^talline  with  a  large  grain  size  and  a  rough  surface,  which  vestigated  by  atomic  force  microscopy  (AFM).  Both  large- 

will  give  a  substantial  media  noise  which  is  absent  in  the  and  small-angle  x-ra)  diffraction  were  used  to  characterize 

rare-earth-transition  metal  (RE-TM)  amorphous  MO  record-  the  crystalline  and  multilayer  structures.  Kerr  rotation  mea- 

ing  media.  Suzuki*’*  demonstrated  that  by  using  rapid  ther-  surements  were  carried  out  over  the  wavelength  range  350- 

mal  annealing  (RTA),  where  the  heating  ramp  rate  can  ex-  600  nm  in  magnetic  fields  up  to  12  kOe. 

ceed  50  °C/s,  the  grain  size  can  be  reduced  to  about  40  nm  After  rapid  thermal  annealing,  large-angle  x-ray  diffrac- 

and  the  surface  morphology  can  also  be  improved.  Suzuki*  tion  spectra  shown  that  a  single  garnet  phase  was  formed, 

also  showed  that  the  microstructure  of  the  garnet  films  could  with  no  trace  of  pure  Fe  diffraction  peaks.  The  garnet  grains 

be  further  improved  through  multilayering  the  garnet  with  are  totally  randomly  oriented,  with  no  preferred  orientation 

Cr,  Co,  and  Si02;  this  is  because  the  space  layer  will  inter-  in  these  multilayer  thin  films.  Figure  1  shows  the  small-angle 

rupt  the  growth  of  garnet.  In  this  paper,  we  will  report  the  x-ray  diffraction  spectra  both  before  and  after  annealing  of  a 

microstructure  and  the  magneto-optical  properties  of  thin  [BiAlDylG(100  A)/Fe(9  A)]xi0  sample.  The  two  spectra 

films  of  Bi-  and  Al-doped  DylG  multilayered  with  Fe.  both  show  six  superlattice  peaks,  indicating  that  there  are 

Dyi.6Bii.4Fei_;fA1^0i2  (x=0.6  to  1.0)  and  Fe  multilayers  well-defined  interfaces  between  the  garnet  and  Fe  layers 

were  deposited  on  Si(lll)  and  quartz  room-temperature  sub-  even  after  a  650  °C  RTA  for  2  min.  One  surprising  result  is 

strates  by  rf  (for  garnet)  and  dc  (for  Fe)  magnetron  sputtering  that  the  superlattice  peaks  of  the  annealed  samples  are 

in  a  pure  Ar  atmosphere.  The  Si  was  used  for  the  purpose  the  slightly  higher  than  those  of  the  as-deposited  samples,  which 

RTA.  Standard  sintering  techniques  were  used  to  make  the  suggests  that  the  crystallization  of  the  garnet  improves  the 

ceramic  garnet  target.  The  individual  garnet  layer  thickness  interface  definition.  However,  more  detailed  studies  are 

was  varied  between  50  and  130  A,  while  the  Fe  individual  needed  to  fully  understand  this  result.  After  crystallization, 

layer  thickness  was  varied  from  5  to  15  A.  We  adjusted  the  the  positions  of  all  the  superlattice  peaks  shift  toward  larger 

total  number  of  bilayers  to  keep  the  total  sample  thickness  angles,  indicating  that  the  crystallized  garnet  layers  are 
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FIG.  1.  Small-angle  x-ray  diffraction  spectrum  of  [BiA!DyIG(100  A)/Fe(9 
A)]xlO  multilayers  before  (dashed  line)  and  after  (solid  line)  annealing. 


denser  than  the  as-deposited  amorphous  layers. 

We  characterized  the  microstructure  of  our  multilayer 
samples  using  atomic  force  microscopy.  AFM  pictures  show 
that  as-deposited  amorphous  multilayer  films  have  little  sur¬ 
face  structure,  with  a  surface  roughness  of  ~1  nm.  Figure  2 
shows  an  .*FM  picture  of  [BiAlDyIG(l()0  A)/Fe(ll  A)]X9 
after  5  min  RTA.  From  this  picture  we  estimate  the  grain  size 
to  be  roughly  80  nm,  which  is  much  smaller  than  the  grain 
size  of  1  /im  typically  obtained  with  oven-annealed  single 
layer  garnet  films.^  The  surfaces  of  annealed  s^.mples  are 
considerably  rougher  than  those  of  the  as-deposited  films.  An 
estimate  of  the  peak-to-peak  surface  roughness  for  me 
sample  of  Fig.  2  is  about  5  nm.  Although  the  observed  80-nm 
grain  size  is  much  smaller  than  1  yum,  it  is  still  far  too  large 
for  magneto-optical  recording  applications.  In  order  to  fur¬ 
ther  reduce  the  grain  size  and  improve  the  surface  smooth¬ 
ness,  a  shorter  annealing  time  was  used,  Figures  3  and  4 
show  AFM  pictures  of  a  [BiAlDyIG(100  A)/Fe(9  A)]X10 
multilayer  film  with  different  vertical  scales.  Assuming  that 
the  bumps  observed  in  these  figures  are  grains,  we  estimate 
the  average  grain  size  to  be  20  to  30  nm.  A  20  /imX20  /tm 
scan  (Fig.  4)  shows  the  surface  morphology  of  this  same 
sample.  Comparing  Figs.  2  and  4,  we  can  see  clearly  that 
shortening  the  annealing  time  is  a  very  effective  way  of  ob- 
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FIG  2.  AFM  picture  of  [BiAlDyIG(100  A)/Fc(ll  A)]x  11  after  5  -min  rapid 
thennal  annealing  at  650  °C. 
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FIG.  3.  AFM  picture  of  [BiAlDyIG(100  A)/Fe(9  A)]X  10  after  2-min  rapid 
thermal  annealing  at  650  °C. 


taining  smooth  surfaces.  We  estimate  the  peak-to-peak  sur¬ 
face  roughness  to  be  2  to  3  nm. 

Although  these  results  regarding  the  grain  size  must  be 
confirmed  by  transmission  electron  microscopy  (TEM)  stud¬ 
ies,  we  can  safely  conclude  that  rapid  thermal  annealing  will  | 

reduce  the  grain  size  and  multilayering  the  garnet  with  Fe  (or 
other  elements)  will  reduce  the  grain  size  further  and  sub-  i  ' 

stantially  improve  the  surface  morphology.  ‘  '  : 

Figure  5  shows  a  Kerr  hysteresis  loop  for  a 
[BiAlDyIG(75  A)/Fe(5  A)]X13  sample  which  had  been  an-  | 

nealed  at  650  “C  for  5  min.  The  very  square  loop  indicates  ;  , 

that  the  sample  has  perpendicular  magnetic  anisotropy.  Since  ( 

our  x-ray  diffraction  measurements  show  that  the  grains  are  ; 

randomly  oriented,  this  perpendicular  anisotropy  must  come  I 

from  the  stress.*  The  measured  Kerr  rotation  is  1.2°  at  a  I 

wavelength  of  410  nm  and  this  value  is  independent  of  an-  ' 

nealing  time  after  more  than  6C-s  an-'ealing.  This  measured 
value  is  the  combination  of  both  Kerr  and  Faraday  rotations, 
and  it  includes  the  effects  of  optical  interference  in  the 
sample.  The  coercivity  of  this  particular  sample  is  ~1  kOe,  , 

and  it  sensitively  depends  on  the  annealing  conditions  and  ’ 

the  individual  garnet  and  Fe  layer  thicknesses.  The  figure  of 
merit  for  [BiAlDIG(104  A)/Fe(5  A)]X  14  with 
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FIG.  4.  Surface  morphology  of  [BiAIDyIG(100  A)/Fc(9  A)]x  10  after  2-min 
rapid  thermal  annealing  at  650  °C. 
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FIG.  5.  Kerr  hysteresis  loop  of  [BiAlDyIG(75  A)/Fe(5  A)]X  13  measured  at 
a  wavelength  of  410  nm  at  room  temperature.  The  magnitude  of  the  rotation 
includes  contributions  from  Kerr  and  Faraday  rotations,  as  well  as  interfer¬ 
ence  enhancements. 


A1  reflect  layer  is  0.4  to  0.6  between  the  400-  and  500-nm 
region.  In  our  experiments,  we  have  found  that  if  the  indi¬ 
vidual  Fe  layer  thickness  is  held  fixed  at  5  A,  the  coercivity 
oscillates  between  0.6  and  l.S  kOe  as  the  individual  garnet 
layer  thickness  is  varied  from  50  to  130  A.  This  variation  is 
not  due  to  the  shifting  of  the  compensation  temperatute  as 
the  compensation  temperature  is  about  170  K  for  most  of  our 
samples  and  is  independent  of  the  individual  garnet  layer 
thickness.  These  oscillations  are  difficult  to  understand  and 
they  need  further  investigation.  A  possible  explanation  might 
be  related  to  thickness-dependent  defects  or  inhomogeneities 
of  our  samples. 

Figure  6  shows  the  dependence  of  the  coercivity  on  the 
total  number  of  bilayers  for  [BiAlDyIG(90  A)/Fe(J  A)]XAt, 
where  N  is  varied  fi'om  4  to  24.  All  these  sampU-  •  re 
annealed  at  650  ®C  for  2  min  with  RTA  technique.  The  cOvV 
civity  decreases  with  increasing  number  of  bilayers  (that  is 
the  total  thickness  of  the  sample).  It  should  be  noted  that  the 
samples  with  N  less  than  ten  cannot  be  crystallized  with  the 
annealing  condition  mentioned  above.  To  crystallize  these 
thin  samples  either  a  higher  annealing  temperature  or  a 
longer  annealing  time  is  needed.  The  same  situation  was  also 
noted  for  samples  with  individual  garnet  layer  thicknesses 
less  than  50  A.  This  phenomenon  is  attributed  to  the  increase 
of  the  surface-to-volume  ratio  or  the  surface  tension  of  the 
garnet  phase  with  decreasing  particle  size,  as  discussed  by 
Cho  et  al^  The  surface  energy  and  surface  stress  usually 
tends  to  hinder  the  nucleation  and  growth  of  the  garnet 
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FIG.  6.  Coercivity  of  [BiAlDyIG(90  A)/Fe(5  A)]X1V  as  a  function  of  the 
number  of  bilayers  N  after  650  °C  S-min  annealing. 

phase.*®  So  the  increase  in  with  decreasing  number  of 
bilayers  may  be  due  to  either  the  smaller  grain  size  or  to  a 
mixture  of  the  crystalline  and  amorphous  garnet  phases  in 
the  thinner  samples.  The  observed  smaller  saturation  magne¬ 
tization  in  these  samples  also  support  this  assumption.  Once 
again,  a  detailed  TEM  investigation  will  be  needed  to  under¬ 
stand  these  results. 

We  have  successfully  made  gamet/Fe  multilayers  with 
relatively  sharp  interfaces.  Small  grains  (-^30  nm)  and 
smooth  surfaces  were  realized  by  a  rapid  thermal  annealing 
technique.  The  multilayers  of  gamet/Fe  have  square  hyster¬ 
esis  loops  with  a  large  coercivity  and  large  magneto-optic 
activity  in  the  blue  portion  of  the  spectrum.  These  iesults 
.  show  that  the  garnet/Fe  multilayers  are  promising  candidates 
for  magneto-optic  recording  using  blue  lasers.  Systematic 
studies  of  how  the  multilayers  affect  the  magneto-optic  be¬ 
havior  and  the  sample  microstructure  are  underway. 

We  are  thankful  to  Dr.  Z.  S.  Shan  and  Dr.  T.  Suzuki  for 
helpful  discussions  and  to  NSF  and  ARPA  for  financial  sup¬ 
port  under  Grants  DMR-9222976,  NSF-OSR-9255225,  and 
MDA  972-93-1-009,  respectively. 
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Inverted  hysteresis  in  magnetic  systems  with  interface  exchange 
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The  effects  of  interface  exchange  on  magnetic  hysteresis  are  considered  for  a  variety  of  situations 
in  a  two-phase  model  in  which  the  phases  are  coupled  antiferromagnetically.  This  work  is  motivated 
by  studies  of  Co-CoO  nanophase  systems  where  inverted  hysteresis  loops,  a  phenomenon  closely 
related  to  shifted  hysteresis  loops,  are  obtained.  Some  previous  examples  of  systems  with  inverted 
hysteresis  loops  are  reviewed  and  a  two-phase  model  with  uniaxial  anisotropy  and  interface 
exchange  is  considered.  It  should  be  emphasized  that  this  model  cannot  completely  explain  inverted 
hysteresis  loops,  but  it  does  show  that  partially  inverted  loops  can  be  obtained.  Cases  where  H  is  not 
along  an  anisotropy  axis  are  discussed;  it  was  concluded  that  some  alignment  of  H  with  the  axis  of 
the  stronger  anisotropy  phase  is  necessary  to  obtain  partially  inverted  hysteresis. 


Interface  exchange,  identified  over  three  decades  ago,' 
can  substantially  influence  magnetic  hysteresis.  These  effects 
include  (i)  shifted  hysteresis  loops'’^  where  one  magnetic 
phase  provides  a  bias  field  to  a  second  magnetic  ph^ise  while 
not  itself  taking  part  in  magnetic  reversal  and  (ii)  a  more 
general  case  in  which  the  biasing  phase  does  take  part  in  the 
magnetic  reversal.  In  this  work  we  shall  briefly  review  ex¬ 
perimental  examples  of  inverted  hysteresis  loops,  a  phenom¬ 
enon  in  which  the  forward  and  reverse  branches  are  shifted 
in  opposite  directions  so  that  they  completely  cross  over.  We 
believe  that  such  loops  are  related  to  case  (ii)  above  and  will 
consider  the  extent  to  which  interface  exchange  models  are 
able  to  explain  this  type  of  hysteresis  loop. 

Figures  1(a)  and  1(b),  respectively,  show  examples  of 
inverted  hysteresis  loops  for  a  nominally  amorphous 
Zr4oCu5oMnjo  amorphous  alloy^  prepared  by  rapid  quench¬ 
ing  and  a  layered  material  with  a  Co-based  layer  alternating 
with  a  Cu  layer.^  In  this  latter  system  the  Co-based  layer  is 
mude  up  of  a  dispersion  of  pure  Co  and  CoO  and  the  layer 
thickness  is  less  than  10  nm.'* 

The  similarity  of  inverted  hysteresis  loops  to  shifted 
loops  suggests  that  interface  exchange,  and  in  particular  an 
antifenomagnetic  interface  exchange,  plays  an  important 
role.  In  order  for  interface  exchange  to  be  important,  there 
must  be  a  large  interface  area  between  two  magnetic  phases 
present  in  a  system.  To  achieve  this  the  system  must  be  struc¬ 
tured  on  a  very  fine  scale,  usually  of  the  order  of  nanometers. 
In  the  case  of  the  Co-O/Cu  system  we  believe  that  it  is  the 
granular  nature  of  the  Co-0  layer  that  is  important.'*  In  the 
case  of  the  amorphous  Zr4oCu5oMnio  alloy,^  we  speculate 
that  a  fine  grain  structure  exists  here  too.  The  structural  cor¬ 
relation  length  calculated  from  the  x  ray  for  this  alloy  using 
the  width  of  the  broad  amorphous  ma;amum  indicates  short- 
range  order  on  the  scale  of  2.5  nm.  Note  also  that  chemical 
short-range  order  could  be  present  in  this  amorphous  system 
as  has  been  found  in  other  amorphous  systems.* 

In  this  work  we  report  on  calculations  of  magnetic  hys¬ 
teresis  in  a  model  with  two  nonidentical  phases,  both  having 
uniaxial  anisotropy,  as  a  function  of  (i)  anisotropy  strength. 


(ii)  interface  exchange  strength,  and  (iii)  angle  between  the 
anisotropy  axes  and  applied  field.  We  note  that  we  do  not 
expect  this  model  (or  any  purely  magnetic  model)  to  produce 
completely  inverted  hysteresis  behavior  since  the  area  of  the 
loop  will  always  be  positive  in  such  model  solutions,  but  we 
will  show  that  certain  aspects  of  inverted  hysteresis  may  be 
reproduced  in  this  model.  Calculations  have  been  reported  on 
a  similar  model  and  it  is  often  assumed  that  the  magnetiza¬ 
tion  in  each  layer  or  phase  may  be  described  by  a  single 
vector  M  of  constant  magnitude.  This  rigid  rotation  assump¬ 
tion  will  be  correct  only  in  special  cases.  The  strong  ferro¬ 
magnetic  exchange  in  Co  suggests  that  the  rigid  rotation  as¬ 
sumption  may  have  some  validity  here.  Reference  6  has 
discussed  the  condition  for  the  assumption  of  rigid  rotation 
of  the  spins  in  a  magnetic  layer  to  be  valid.  We  consider  two 
phases,  A  and  B,  interacting  through  an  interface  exchange. 


FIG.  1.  Hysteresis  loops  for  (a)  amorphous  Zr^oCusoMujo  (from  Ref.  3),  (b) 
a  (Co-0)/Cu  multilayer  (from  Ref.  4)  with  the  applied  field  perpendicular  to 
the  film. 
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The  macroscopic  energy  fdr  this, model*  is  taken  to  be 

cos  Oa-MbH  cos  d^—J  cos(^jj-  0^) 

+Ka  sm^i0A-<f>A)+KB  sin^ieB-<f>B)-  (1) 

The  first  two  terms  represent  Zieeman  magnetic  energies  of 
the  two  phases  of  magnetizations  and  Mb,  the  third  term 
represents  the  interface  exchange  of  strength  J  and  the  last 
two  terms  represent  the  anisotropy  of  each  phase  of  strengths 
Ka  and  Kb-  Oa  and  6b  are  the  angles  that  Ma  and  Mb, 
respectively  make  with  the  magnetic  field  direction.  <f)A  and 
<t>B  are  the  angles  that  the  uniaxial  anisotropy  axes  of  each 
phase  makes  with  H.  We  haye  already  discussed  this  model 
with  reference  to  Co-0  and  associate  the  A  phase  with  pure 
Co  and  the  B  phase  with  CoO.'*  Previous  calculations  assum¬ 
ing  a  rigid  rotation  of  the  magnetization*’"**’  consider  cases 
where  H  is  along  a  high  symmetry  anisotropy  direction  for 
cubic  or  uniaxial  anisotropy. 

In  our  calculation  we  find  that  provided  H  is  applied  in  a 
plane  defined  by  the  two  anisotropy  axes,  then  M a  and  Mb 
remain  in  this  plane  for  the  range  of  parameters  used  in  this 
work.  Thus  we  can  describe  the  directions  of  these  magneti¬ 
zations  by  one  angle  each  {Oa  and  6b,  respectively)  in  Eq. 
(1).  Values  of  6a  and  69  as  a  function  of//  are  determined  by 
following  a  local  minimum  in  E  of  Eq.  (1)  by  solving 
dE/ddA  =  0  and  dElddB=0.  The  magnetization  M  is  then 
calculated  from 

M=MaCos  6a-^Mb  cos  6b.  (2) 

We  have  shown  previously  that  for  selected  values  of  the 
above  parameters  this  model  yields  a  magnetic  hysteresis 
which  produces  partially  inverted  hysteresis.  We  show  an 
example  of  a  hysteresis  loop  for  Ma=2,  Mb=\,  Ka  =  U  and 
with  the  anisotropy  axes  parallel  to  //  (^4  =  ^^=0) 
in  Fig.  2.  Only  partially  inverted  behavior  of  hysteresis  loops 
is  found  in  this  model.  There  is  a  large  normal  hysteresis  at 
high  fields  that  is  not  seen  in  experiments  which  accompa¬ 
nies  the  inverted  behavior  seen  at  smaller  fields. 

Figure  3  shows  a  complete  magnetic  phase  diagram  as  a 
function  of  H  (decreasing)  and  J  using  the  above  values  of 
M  and  K  for  the  case  where  the  anisotropy  axes  are  parallel 
to  H.  The  insert  in  the  figure  shows  the  four  possible  collin- 
ear  states  and  a  canted  state.  A  partially  inverted  hysteresi.'> 
loop  is  generated  if  Ma  reverses  before  H  reaches  zero  when 
H  is  reduced  from  a  high  positive  value,  i.e.,  when  state  2  (of 
the  insert  to  Fig.  3)  appears  above  the  J  axis.  This  occurs  for 
J  values  of  -1.6  to  -7.1.  Thus  we  find  that  if  phase  A  has  a 
somewhat  larger  M  and  smaller  K  than  phase  B  then  in¬ 
verted  behavior  is  present  for  a  range  of  negative  values  of  7. 

Changing  the  angle  between  H  and  the  anisotropy  axes 
modifies  the  hysteresis  loops.  Figure  4  shows  a  series  of 
magnetic  hysteresis  loops  for  a  range  of  values  of  the  anisot¬ 
ropy  axes  angles  and  with 7= -7.  As  can  be  seen,  the 
changes  as  a  function  of  <f>A  for  a  given  value  of  4>b 
small.  It  appears  that  significant  changes  in  the  hysteresis 
occur  when  <f>B,  the  anisotropy  axis  angle  for  the  more  an¬ 
isotropic  phase,  is  varied.  If  4>b  90°  then  inverted  behavior 

is  not  present.  The  small  hysteresis  observed  for  the  loops 
corresponding  to  of  30°  ana  60°  with  ^g=90°  is  normal 


-20  -10  0  10  20 
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FIG.  2.  Calculated  magnetization  (lower  paneb  from  Eq.  (2)  and  corre¬ 
sponding  values  of  and  dg  (upper  panel)  determined  from  Eq.  (1)  as 
described  in  the  text  as  a  function  of  applied  field  for  =2,  Af  g = 1,  = 1, 
Arg=4  with  tpg=tl>g-0.  Note  that  values  of  dare  only  shown  for  half  of  the 
hysteresis  tycle. 


hysteresis  as  indicated  by  the  arrows  on  the  hysteresis  loops. 
It  is  not  surprising  that  inverted  hysteresis  vanishes  in  this 
limit  since  no  metastable  configuration  exists  for  the  strong 
anisotropy  phase  (phase  B)  when  <^^=90°. 

Relaxation  of  the  rigid  rotation  assumption  modifies  the 
above  results.  A  number  of  calculations  have  been  reported 
on  the  magnetic  hysteresis  of  a  system  where  rigid  rotation  is 
not  assumed  to  study  the  influence  of  interface  exchange  in 
various  circumstances.""’^  We  find  that  allowing  spins  in 
phase  A  and  B  to  deform,  reduces  the  range  of  H  over  which 
inverted  behavior  is  observed.  This  result  is  also  not  surpris¬ 
ing  since  the  inverted  behavior  corresponds  to  a  rather  high- 


FIG.  3.  Magnetic  phase  diagram  for  A/^=2,  Afg=l,  /k^  =  l,  i''g=4  with 
<^a=4>b~^°  determined  from  Eqs.  (1)  and  (2)  as  described  in  the  text.  The 
insert  shows  the  four  possible  collinear  magnetic  states  (numbers  1-4)  and 
a  canted  state  (labeled  C).  The  range  ofj  for  which  inverted  hysteresis  loops 
exist  ii  given  by  the  range  of  7  for  which  state  2  is  present  above  the  7  axis. 
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FIG.  4.  Hysteresis  loops  for  selected  values  of  and  <f>i  using  Af^=2, 
Mg=l,  Kb=4,  andJ^-i.  The  values  of  ^  and  <tij^  used  are  given 
in  tabular  form  acro.ss  the  top  and  down  the  left  of  the  diagram. 


energy  metastable  state  being  occupied  by  and  Mg-  Al¬ 
lowing  the  magnetization  to  deform  allows  the  system  to 
leave  this  metastable  state  for  smaller  reverse  helds.  We  shall 
discuss  these  results  in  more  detail  elsewhere.*'' 

A  more  complete  model  of  inverted  hysteresis  should 
include  a  coupling  of  the  magnetization  to  another  property 
of  the  system  which  is  able  to  store  and  release  energy  from 
the  magnetic  system.  A  possibility  here  is  magnetoelastic  ef¬ 


fects  •  hich  would  have  to  store  energy  in  strain  fields  in  the 
material. 

In  summary  we  have  shown  within  a  simple  model  that 
partially  inverted  hysteresis  loops  may  be  obtained  for  se¬ 
lected  values  of  anisotropy  and  selected  negative  (antiferro- 
maghetic)  values  of  interface  exchange.  If  the  assumption  of 
rigid  rotation  is  relaxed  then  the  field  range  over  which  in¬ 
verted  behavior  occurs  is  reduced.  We  are  extending  these 
.  calculations  to  include  some  inagnetoelastic  effects  to  deter¬ 
mine  if  such  effects  can  lead  to  completely  inverted  loops. 

Work  supported  by  NSF  OSR92-55223  and  NSF  DMR 
9123831. 
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The  magnetic  and  stnictural  properties  of  Co/CoO  bilayers  prepared  by  sputtering  have  been  studied 
in  films  with  Co  thickness  in  the  range  of  65  to  250  A.  two-phase  structure  consisting  of  hep  Co 
and  fcc  CoO  was  observed  in  the  films.  The  coercivity  was  found  to  change  inversely  proportional 
to  the  Co  thickness  and  to  the  sputtering  rate.  The  highest  He  (9  kOe)  was  obtained  in  films  exposed 
to  ambient  conditions  for  long  periods  of  time.  A  shift  in  the  hysteresis  loop  was  found  in 
field-cooled  samples,  indicating  a  strong  exchange  coupling  between  the  Co  and  CoO  phases. 


Co/CoO  films  have  been  found  to  possess  many  novel 
properties,  such  as  a  perpendicular  anisotropy,  enhanced 
Kerr  rotation,  and  exchange  anisotropy.  These  properties 
have  potential  applications  in  new  perpendicular  recording 
media.  In  previous  studies,  Co/CoO  films  were  made  by  re¬ 
active  sputtering  in  a  mixture  of  Ar  and  O2  gases^"'*  or  by 
evaporation  in  O2  gas.*  These  films  had  a  microstructure 
consisting  of  hep  Co  and  fcc  CoO  fine  particles  in  a  colum¬ 
nar  morphology  perpendicular  to  the  film  plane.  The  mag¬ 
netic  and  structural  properties  of  the  films  were  found  to 
depend  strongly  on  the  partial  pressure  of  oxygen  during 
sputtering  or  evaporation.  The  unidirectional  exchange  an¬ 
isotropy  between  Co  and  CoO  particles  is  believed  to  play  an 
important  role  in  inducing  the  perpendicular  magnetic 
anisotropy.^ 

In  this  study,  the  Co/CoO  films  are  in  the  form  of  bilay¬ 
ers  with  the  CoO  formed  by  oxidizing  the  surface  of  the 
single  Co  films.  In  this  morphology,  the  interaction  is  con¬ 
fined  to  the  film’s  surface  so  that  it  is  easier  to  study  the 
exchange  coupling  between  Co  and  CoO. 

A  dc  sputtering  apparatus  was  used  to  prepare  the  Co/ 
CoO  bilayers.  The  sputtering  target  was  a  99.9%  Co  disk  2 
in.  in  diameter  and  0.053  in.  in  thickness.  The  distance  be¬ 
tween  the  target  and  the  water-cooled  substrate  was  13.5  cm. 
The  sputtering  chamber  was  initially  pumped  down  to 
6-7X10“®  Torr  by  a  cryopump  and  then  the  Co  film  was 
deposited  onto  a  kapton  substrate  by  sputtering  in  a  5  mT  Ar 
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FIG.  1.  A  depth  profile  for  a  Co/CoO  sample  from  XPS. 


gas.  The  thickness  range  of  the  films  was  between  65  and 
250  A.  Soon  after  the  film  v/as  made,  a  small  amount  of  air 
was  introduced  into  the  system  under  two  different  pressures 
(370  and  710  mTorr)  to  oxidize  the  surface  of  Co  films  for  2 
h.  The  as-made  Co/CoO  films  were  also  exposed  to  air  for 
long  periods  of  time  (4  months)  and  the  effect  of  additional 
oxidation  was  investigated. 

The  Co  thickness  was  measured  with  Rutherford  back- 
scattering  (RBS)  and  that  of  CoO  by  x-ray  photoelectron 
spectroscopy  (XPS).  The  crystal  structure  of  bilayers  was 
determined  from  selected  area  electron  diffraction  data  and 
the  microstructure  was  studied  using  a  JEOL  lOOC  transmis¬ 
sion  electron  microscope  (TEM).  The  magnetic  properties 
were  studied  using  a  SQUID  magnetometer. 


FIG.  2.  TEM  pictures  of  Co/CoO  bilayers,  (a)  Co  thickness=6S  A;  (b)  Co 
thickness=  170  A. 


6676  J.  Appl.  Phys.  75  (10).  15  May  1994 


0021  -8979/94/75(10)/6676/3/$6.00 


©  1994  American  Institute  of  Physics 


.He  v$  Tliicknc^ 


FIG.  3.  Coercivity  vs  Co  thickness  at  10  K  for  Co/CoO  films. 


The  XPS  data  for  the  as-made  and  etched  samples  are 
shown  in  Fig.  1.  The  surface  oxide  layer  was  found  to  be 
CoO  and  its  thickness  varied  from  26  A  in  the  65  A  Co  films 
to  64  A  in  the  170  A  Co  films.  Selected  area  electron  dif¬ 
fraction  (Fig.  2)  showed  a  mixture  of  hep  Co  and  fee  CoO 
phases.  The  grain  size  was  found  to  increase  with  increasing 
film  thickness  from  45  to  70  A  for  the  65  and  170  A  films, 
respectively.  The  bright  field  micrographs  show  that  the  dis¬ 
tribution  of  Co  particles  is  homogeneous. 

The  saturation  magnetization  of  Co/CoO  bilayers  ex¬ 
hibits  a  complex  behavior  with  the  Co  thickness,  the  sputter¬ 
ing  rate,  and  the  oxidization  conditions.  The  thin  bilayers 
(<100  A)  showed  a  larger  when  passivated  at  higher  air 
pressures  (710  mT).  Co/CoO  films  exposed  in  air  at  ambient 
conditions  for  4  months  had  a  lower  . 

The  coercivity  of  the  as-deposited  films  was  found  to 
increase  with  decreasing  Co  layer  thickness  as  shown  in  Fig. 
3.  This  behavior  is  also  similar  to  the  size  dependence  of 
in  Co  powders.®  Table  I  also  shows  that  the  coercivity 
changes  inversely  proportional  to  the  sputtering  rate.  For 
larger  sputtering  rates,  the  quenching  rates  are  higher  and 
much  finer  particles  (below  the  single  domain  particle  size  of 
200  A)  are  formed  with  a  lower  //<. .  The  thinner  films  (<100 
A)  are  also  more  sensitive  to  the  sputtering  rate  than  the 
thicker  films.  A  larger  was  obtained  in  the  films  passi¬ 
vated  at  the  370  mTorr  air  pressure  than  at  710  mTorr.  It  may 
be  that  the  passivation  is  not  complete  at  370  mTorr,  so  when 
the  samples  are  exposed  to  ambient  conditions  a  stronger 
oxidation  takes  place  resulting  in  thicker  surface  oxides.  This 
explanation  is  consistent  with  the  huge  coercivity  obtained  in 
films  exposed  to  air  for  long  periods  of  time.  The  same  ar- 


TABLE  I.  He  vs  sputtering  rate  and  oxidation. 


Co  thickness  (A) 

He  (Oe)  1  A/s 

He  (Oe)  0.6  A/s 

He  (Oe)  0.2  A/s 

65 

864,*  1092'’ 

1144,1809 

2082,2217 

170 

340,468 

489,607 

396,603 

250 

298,412 

305,359 

392,548 

“370  mTorr. 
*710  mTorr. 
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FIG.  4.  Coercivity  He  vs  temperature  for  Co/CoO  films  of  thickness  65  A 
prepared  with  sputtering  at  rates  1  A/s  and  0.2  A/s. 

gument  can  also  be  used  to  explain  the  magnetization  depen¬ 
dence  on  passivation;  films  with  proper  passivation  (710 
mTorr)  were  less  oxidized  after  exposing  to  ambient  condi¬ 
tions  than  those  with  incomplete  passivation  (360  mTorr), 
and  therefore  they  had  a  higher  .  This  behavior  is  similar 
to  that  of  Fe  fine  particles’  and  indicates  that  the  thickness  of 
the  surface  oxide  is  critical  to  the  hysteresis  properties  of  the 
bilayers.  As  the  temperature  increased  from  10  to  300  K,  a 
steep  drop  in  to  less  than  100  Oe  (Fig.  4)  was  observed. 

The  hysteresis  loops  of  field-cooled  samples  were  found 
to  be  shifted  (Fig.  5),  indicating  the  presence  of  an  exchange 
anisotropy.®"’®  The  change  of  coercivity  between  the  zero- 
field-cooled  and  field-cooled  samples,  was  used  as  a 
parameter  to  describe  the  exchange  coupling  between  CoO 
and  Co.  Table  II  gives  some  results  for  ■  For  thin  Co 
films,  a  larger  H,  was  observed,  indicating  a  stronger  influ¬ 
ence  of  CoO. 

No  perpendicular  anisotropy  was  obse;,od  in  t'le  films 
even  with  a  Co  thickness  as  low  as  65  A  (see  Fig.  6).  This 
result  is  different  from  other  studies’"'*  and  it  is  probably  due 


Co/CoO  Film 

(Thickness =170  A,  T= 10  K) 


FIG.  5.  The  hysteresis  loop  of  a  Co/CoO  bilayer  with  Co  thickness  170  A 
after  field  cooling  at  10  K. 
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TABLE  n.  Loop  shift  H^asa  function  of  thickness  and  oxidization  cont’i- 
tions  in  films  sputtered  at  1  A/s. 


Co  thickness  (A) 

/7,  (Oe)  710  mTorr 

H,  (Oe)  370  mTorr 

65 

4326 

3050 

170 

961 

615 

to  the  formation  of  CoO  films  only  on  the  surface  of  the 
films.  It  is  well  known  that  thin  Co  films  have  a  perpendicu¬ 
lar  magnetic  anisotropy,  which  arises  from  '.e  magnetocrys¬ 
talline  anisotropy  of  hep  Co  and  the  shape  anisotropy  of  the 
columnar  structure.^  If  the  CoO  is  formed  as  a  shell  around 
the  columnar  Co,  the  exchange  anisotropy  between  the  fer¬ 
romagnetic  Co  and  antiferromagnetic  CoO  will  enhance  the 
Co  perpendicular  anisotropy;^  but  if  the  CoO  is  formed  on 
the  surface  of  the  Co  film,  only  the  top  Co  particles  are 
shelled  by  the  CoO.  In  this  case,  the  exchange  anisotropy 


-oouu-ii(i(i(i  -10(10  1000  ■  ;iooo  aooo 

ll((Ir) 

FiG.  6.  Parallel  and  perpendicular  hysteresis  loops  of  a  Co/CoO  bilayer  with 
Co  thickness  65  A  at  10  K. 


tends  to  turn  the  easy  axis  to  the  parallel  direction  and  must 
compete  with  the  magnetocrystalline  and  shape  anisotropy. 
When  a  continuous  CoO  film  is  formed  on  the  surface  of  the 
Co  film,  a  large  exchange  anisotropy  is  expected  to  turn  the 
easy  axis  parallel  to  the  surface  of  the  film.  This  is  just  what 
we  found  in  the  Co/CoO  bilayers.  The  quantitative  relation 
between  the  exchange  anisotropy,  magnetocrystalline,  and 
shape  anisotropy  needs  further  investigation. 

Co/CoO  bilayers  were  made  with  dc  sputtering  by  form¬ 
ing  the  Co  films  first  and  then  oxidizing  their  surface.  The 
bihyers  were  composed  of  hep  Co  and  fee  CoO.  No  perpen¬ 
dicular  anisotropy  was  found  in  the  bilayers  and  this  is  prob¬ 
ably  due  to  the  exchange  coupling  between  CoO  and  Co  at 
the  film's  surface  which  exceeds  the  magnetocrystalline  and 
shape  anisotropy  of  inner  Co  particles.  The  large  coercivity 
and  the  loop  shift  found  in  field-cooled  thin  films  (with 
thickness  of  Co  at  65  A)  are  the  result  of  a  strong  exchange 
interaction  between  Co  and  CoO. 

The  authors  wish  to  thank  Dr.  C.  Swann  for  the  RBS 
measilrements,  and  J.  Yuan  for  the  TEM  pictures.  This  work 
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Resistivity  anomaiy  in  nonmagnetic  metais  with  ferromagnetic  insuiator 
proximity  iayers 

G.  M.  Roesler,  Jr.,  Y.  U.  Idzerda,  P.  R.  Broussard,  and  M.  S.  Osofsky 
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Epitaxial  bilayers  and  multilayers  were  prepared  using  the  ferromagnetic  insulator  EuO  and  the 
metals  V  and  Ag.  For  metal  films  of  thickness  10  nm  or  less,  there  is  a  sharp  change  in  the  slope  of 
the  resistivity  versus  temperature,  which  occurs  at  86  K  for  EuOA^  specimens  and  at  50  K  for 
EuO/Ag  specimens.  Soft  x-ray  magnetic  circular  dichroism  measurements  showed  a  clear  dichroism 
for  Eu  but  none  for  V.  Therefore,  the  dRIdT  discontinuity  is  attributed  to  a  change  in 
spin-dependent  surface  scattering  at  the  insulator/metal  interface  caused  by  the  magnetization  of  the 
surface  layer  of  Eu^"*"  ions.  The  difference  in  temperature  between  the  dRIdT  discontinuities 
between  the  two  metals  (and  from  the  bulk  EuO  Curie  temperature  of  70  K)  is  tentatively  attributed 
to  the  influence  of  the  Ruderman-Kittel-Kasuya-Yosida  (RKKY)  mechanism. 


Metallic  multilayers  involving  magnetic  materials  are 
hosts  to  a  rich  variety  of  physical  phenomena,  including  the 
recently  observed  giant  magnetoresistance.'  Among  the 
physical  variables  affecting  these  phenomena  may  be  the 
band  structures  and  electron  densities  of  the  two  component 
metals.  Microscopically,  the  current  carriers  in  such  multi¬ 
layers  may  experience  spin-dependent  scattering,  specular  or 
diffuse  boundary  scattering,  and  exchange  at  the  interfaces, 
thus  complicating  the  understandirv7  of  anomalous  transport 
properties.  Here,  we  report  results  oa  the  transport  behavior 
of  single  metals  in  contact  with  a  ferromagnetic  insuiator. 
Such  structures  provide  a  physical  system  which  is  simpler 
than  the  all-metallic  multilayer  problem,  as  the  magnetic  mo¬ 
ments  are  separate  from  the  conduction  sea  (except  at  the 
interface),  and  the  band  structure  of  only  one  metal  rathef 
than  two  need  be  considered.  We  have  observed  a  resistance 
anomaly  in  bilayers  and  multilayers  of  vanadium  or  silver  in 
contact  with  the  ferromagnetic  insulator  EuO.  The  anomaly 
may  be  caused  by  the  magnetization  of  the  layer  of  Eu'*^^ 
ions  at  the  interface.  Furthermore,  the  Curie  temperature  of 
that  layer  may  be  affected  by  Ruderman-Kittel-Kasuya- 
Yosida  (RKKY)  coupling  between  Eu^^  ions  through  the  V 
or  Ag  conduction  sea. 

These  metal/ferromagnetic  insulator  structures  were  pre¬ 
pared  under  conditions  of  heteroepitaxy.  The  V  films  were 
prepared  by  electron  beam  evaporation  at  typical  pressures  of 
10”*®  mbar,  while  the  Ag  films  were  prepared  by  thermal 
evaporation  at  typical  pressures  of  10~®  mbar.  Sapphire  or 
cubic  zirconia  substrates  were  used,  and  were  held  at  300- 
700  “C  to  obtain  planar  surfaces.  The  EuO  layers  were 
grown  by  thermal  evaporation  with  the  substrate  held  at 
300  ®C.  Reflection  high-energy  electron  diffraction 
(RHEED)  from  the  film  surface  was  used  to  monitor  crystal 
structure  and  surface  quality  during  growth  of  metal  and  in¬ 
sulator  layers.  RHEED  patterns  typically  indicated  two- 
dimensional  films  with  a  single  crystal  structure.  Details  of 
the  film  growth  process  will  be  published  separately.^  X-ray 
diftfaction  showed  the  presence  of  EuO  and  no  other  eu¬ 
ropium  oxides.  SQUID  magnetometer  studies  indicated  that 
the  EuO  layers  became  magnetic  at  the  bul^:  Oirie  tempera¬ 
ture  (r<.')  of  70  K,  and  the  large  Faraday  rotation  character¬ 
istic  of  EuO  was  observed. 


Resistance  was  measured  as  a  function  of  temperature 
using  a  four-terminal  ac  technique.  A  typical  example  of 
R{T)  for  a  EuOA^  specimen  is  shown  in  Fig.  1.  Note  that  the 
slope  changes  sharply  at  a  temperature  of  86  K,  near  but 
somewhat  higher  than  the  of  EuO.  This  feature  occurred 
(always  at  86  K)  in  the  majority  of  EuOA^  samples  prepared. 
The  feature  did  not  appear  to  depend  upon  layer  thickne.ss  of 
V  between  1.6  and  10  nm,  nor  upon  EuO  layer  thickness 
between  3  and  10  nm.  A  similar  feature  was  observed  in 
EuO/Ag  bilayers,  at  50  K  rather  than  86  K.  In  samples  dis¬ 
playing  this  dRIdT  discontinuity,  there  appeared  to  be  no 
Kondo  effect,  as  dRIdT  remained  positive  down  to  the  low¬ 
est  temperature  of  measurement  (4.2  K).  By  contrast,  a  mi¬ 
nority  of  samples  displayed  Kondo-like  behavior,  that  is, 
showed  a  resistance  minimum  between  20  and  50  K. 

Whether  a  particular  EuOA^  sample  would  show  the  dR! 
dT  discontinuity  or  Kondo  behavior  (which  appear  to  be 
mutually  exclusive)  may  depend  sensitively  on  the  atomic 
ordering  at  the  metal/insulator  interface.  During  some 
growths,  the  RHEED  pattern  did  not  change  immediately 
when  overlayer  growth  commenced,  but  changed  to  the  new 
structure  gradually  over  several  atomic  layers.  Such  struc- 


FIG.  1.  The  resistance  of  a  vanadium-europium  oxide  multilayer  as  a  func¬ 
tion  of  temperature.  The  sample  had  the  structure  EuO/V/EuOA^/EuO,  with 
3-nm  EuO  layers  and  2.7-nm  V  layers.  Inset  shows  the  temperature  behavior 
of  dRIdT.  Biiayer  samples  show  the  same  feature  at  86  K  as  the  multilayer 
samples. 
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FIG.  2.  XAS  spectra  of  the  and  peaks  of  Eu  in  an  EuOA^  multilayer. 
The  solid  curve  is  the  spectrum  for  negative  helicity  photons,  and  the  dotted 
curve  is  for  positive  helicity.  Pure  EuO  films  had  identical  behavior. 


lures  displayed  the  dRIdT  discontinuity.  During  other 
growths,  the  RHEED  pattern  disappeared  immediately  and  a 
new  one  reappeared  after  several  atomic  overlayers  were  de¬ 
posited.  Some  of  the  latter  structures  showed  Kondo-like  be¬ 
havior. 

We  have  considered  two  microscopic  mechanisms  by 
which  the  magnetization  of  the  EuO  might  cause  the  ob¬ 
served  dRIdT  discontinuities.  Magnetization  could  affect  the 
band  stmcture  of  the  metal,  and  it  could  affect  spin- 
dependent  scattering  at  the  metal/insulator  interface.  The 
band  structure  effect  model  is  motivated  by  the  similarity  of 
the  discontinuity  in  dRIdT  to  that  observed  in  ferromagnetic 
metals,  e.g.,  Ni.  The  effect  of  magnetization  in  producing  a 
resistivity  slope  change  in  Ni  is  successfully  explained  by  the 
model  of  Mott.^  This  model  requires  that  a  large  fraction  of 
the  scattering  events  in  a  metal  be  interband  scattering  events 
involving  an  unfilled  d  band  at  the  Fermi  energy.  This  pic¬ 
ture  is  appropriate  in  V  but  may  not  apply  to  Ag.  (n  the 
EuO/metal  system,  the  d  band  of  the  metal  must  become 
polarized  through  exchange  with  the  localized  Eu  /  states. 
When  the  Eu'*^^  ions  become  magnetized,  the  d  band  splits 
by  the  exchange  Zeeman  energy,  reducing  the  d  states  avail¬ 
able  for  s-d  scattering.  The  second  model  explains  the  dR! 
dT  discontinuity  in  terms  of  a  reduction  of  spin-dependent 
surface  scattering  rather  than  a  reduction  of  interband  scat¬ 
tering.  Here,  the  magnetization  of  the  surface  layer  of  Eu^^ 
ions  is  supposed  to  greatly  increase  the  energy  required  for 
an  (inelastic)  spin-flip  scattering  event,  thus  presumably  re¬ 
ducing  the  resistivity  below  the  magnetic  ordering  tempera¬ 
ture. 

In  an  effort  to  detect  magnetization  of  V,  which  would  be 
required  in  the  s-d  scattering  picure,  soft  x-ray  magnetic 
circular  dichroism  (SXMCD)  measurements  were  made  on  a 
EuOA^  multilayer  as  well  as  on  single-layer  EuO  films. 
SXMCD  is  the  difference  between  the  x-ray  absorption  of 
positive  and  negative  helicity  (left-and  right-circularly  polar¬ 
ized)  photons  at  the  'id  metal  L3  and  Li  absorption  white 
lines,  or  at  the  A/s  and  A/4  absorption  white  lines  of  a  4/ 
metal.  This  technique  is  used  for  element-specific  determina¬ 
tion  of  the  presence  of  ferromagnetism  in  heteromagnetic 
samples."*  The  ferromagnetism  of  the  EuO  layers  is  observed 
in  the  SXMCD  of  the  Eu  spectrum.  Figure  2  shows  a  strong 
dichroism  between  the  x-ray  absorption  spectroscopy  (XAS) 


FIG.  3.  The  resistance  of  two  EuO/Ag  bilayers  as  a  function  of  temperature. 
Ag  thicknesses  were  (a)  7.6  nm  and  (b)  3.6  nm.  EuO  thickness  was  10  nm. 


spectra  for  negative-helicity  (solid)  and  positive-helicity 
(dots)  photons  at  the  Eu  A/5  and  A/4  absorption  edges.  A 
strong  and  unexpected  temperature  dependence  in  the  differ¬ 
ence  of  these  spectra,  that  is,  in  the  SXMCD  signal,  was 
observed  in  both  multilayer  samples  and  pure  EuO  films.* 
However,  no  dichroism  was  observed  between  the  L^ixidLi 
spectra  of  V  upon  cooling  below  the  dRIdT  discontinuity. 

The  lack  of  SXMCD  for  V  with  an  EuO  proximity  layer 
is  difficult  to  reconcile  with  the  s-d  scattering  model.  An¬ 
other  difficulty  with  that  picture  is  the  presence  of  a  dRIdT 
discontinuity  in  bilayers  containing  Ag  rather  than  V.  The 
resistance  versus  temperature  of  two  such  bilayers  may  be 
seen  in  Fig.  3.  Since  Ag  has  filled  d  bands,  the  Mott  s-d 
scattering  mechanism  is  not  implicated.  We  surmised  that 
measuring  the  Hall  effect  in  the  EuOA'  system  would  help 
clarify  the  scattering  mechanism.  If  spin-dependent  scatter¬ 
ing  is  occurring,  one  might  expect  to  see  anomalous  Hall 
behavior.  However,  both  above  and  below  the  dRIdT  dis¬ 
continuity,  the  measured  Hall  coefficient  was  the  same  in 
sign  and  magnitude  as  that  measured*  in  bulk  V.  Because  the 
Eu^^  ions  are  in  an  S  state,  however,  the  absence  of  anoma¬ 
lous  Hall  scattering  might  not  be  unusual.  High-field  magne¬ 
toresistance  measurements  are  planned  to  help  resolve  the 
scattering  mechanism  question. 

There  is  a  qualitative  difference  in  the  scattering  behav¬ 
ior  near  the  dRIdT  discontinuity  between  specimens  with  Ag 
and  those  with  V.  There  is  little  thickness  dependence  to  the 
absolute  mapitude  of  the  discontinuity  in  samples  contain¬ 
ing  V;  however,  as  seen  in  Fig.  3,  the  feature  at  50  K  in 
samples  with  Ag  becomes  much  more  dramatic  a*  thickness 
is  decreased.  Furthermore,  the  slope  dRIdT  remains  essen¬ 
tially  constant  above  the  86-K  feature  in  V  specimens;  how¬ 
ever,  in  the  Ag  specimens,  the  slope  decreases  significantly 
as  the  50-K  feature  is  approached,  even  becoming  negative 
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in  the  thinnest  samples,  ^;may  be  seen  in  Fig.  3(b).  Similar 
behavior  is  predicted^  for  critical  behavior  of  the  resistivity 
near  magnetic  transitions,  assuming  ferromagnetic  behavior 
at  the  V/EuO  interface  and  antifenomagn^tic  behavior  at  the 
Ag/EuO  interface.  The  upward  (downward)  displacement  of 
the  resistivity  features  from  the  bulk  EuO  Curie  temperature 
of  70  K  at  an  interface  with  V(Ag)  is  consistent  with  a  fer¬ 
romagnetic  (antiferromagnetic)  interaction  at  the  interface.  A 
possible  model  of  this  interaction  is  the  RKKY  coupling  of 
the  surface  layer  of  Eu*'*'  ions  through  the  conduction  sea  of 
V  or  Ag.  A  calculation  to  determine  whether  the  RKKY 
mechanism  is  plausible  would  consider  ions  on  the  surface  of 
a  semi-infinite  conduction  sea  rather  than  the  usual  infinite 
one.  The  tendency  of  the  surface  layer  of  V  to  magnetize® 
may  also  be  germane.  The  novel  transport  phenomenon  de¬ 
scribed  here  is  yet  another  example  of  the  richness  of  the 
physic.'  involved  when  magnetic  atoms  and  conduction  elec¬ 
trons  interact. 
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The  magnetization  processes  of  two  series  of  sandwiches  of  compositions  Sm-Co/Co/Sm-Co'  and 
Sm-Co/Gd-Co/Sm-Co'  prepared  by  dc  bias  sputtering  are  presented.  The  layers  of  Sm-Co  and 
Sm-Co'  have  different  compositions  each  with  a  different  <»ercive  field.  The  central  layer  consists 
of  a  soft  magnetic  material  with  a  thickness  varying  from  500  to  5000  A.  In  these  systems,  it  is 
possible  to  stabilize  a  magnetic  configuration  with  the  magnetic  moments  of  the  external  layers 
having  opposite  directions.  Due  to  the  magnetic  coupling  between  the  layers  associated  with  the 
strong  exchange  interactions  between  cobalt  atoms  throughout  the  whole  sample,  a  large  planar 
Bloch  wall  is  formed  in  the  central  layer.  The  width  of  this  wall  depends  on  the  intrinsic  properties 
of  this  central  layer,  but  the  magnetization  processes  vary  with  the  relative  magnitude  of  the  wall 
width  to  the  thickness  of  this  layer.  For  a  large  thickness  of  the  central  layer,  the  Bloch  wall  is  very 
mobile  under  applied  field  leading  to  a  very  large  susceptibility. 


Magnetic  multilayers  made  from  rare-earth  and  transi¬ 
tion  metal  alloys  may  exhibit  a  wide  variety  of  magnetic 
properties.  Indeed,  considering  the  numerous  possibilities  of 
chemical  composition  and  thickness  of  each  constituting 
layer,  their  magnetic  moment,  anisotropy,  and  coercivity  can 
be  fitted  to  yield  specific  and  original  magnetic  properties  of 
the  sample. 

Recently,  Alameda  et  al)  reported  on  the  magnetic  prop¬ 
erties  of  a  (Sm-Co)/(Zr-Co)/(Sm-Co)'  system:  They  showed 
that  it  is  possible  to  stabilize  a  peculiar  magnetization  state 
with  the  magnetic  moments  in  the  two  Sm-Co  layers  point¬ 
ing  into  opposite  directions  and  a  domain  wail  existing  in  the 
central  layer.  This  wall,  very  mobile  in  this  amorphous  ma¬ 
terial,  leads  to  an  almost  reversible  magnetization  process,  in 
contrast  to  the  irreversible  process  observed  in  a  single 
Co-Zr  layer. 

We  have  undertaken  the  study  of  such  a  behavior  in  two 
series  of  sandwiches  of  compositions  A:  (Sm-Co)/(Gd-Co)/ 
(Sm-Co)'  and  B:  (Sm-Co)/Co/(Sm-Co)'.  All  these  samples 
are  characterized  by  a  central  layer  consisting  of  a  relatively 
soft  magnetic  material  (Co  or  Gd-Co)  sandwiched  between 
two  hard  magnetic  Sm-Co  layers  witji  different  coercivities. 
In  Sm-Co  intermetallic  compounds,  the  Sm  and  Co  moments 
are  fenomagnetically  coupled,  while  in  Gd-Co  compounds, 
the  Gd  and  Co  moments  are  coupled  antiferromagnetically, 
with  the  Gd  moment  dominating  the  Co  one  for  the  compo¬ 
sition  used.  The  Co-Co  exchange  interactions,  which  are  the 
strongest,  lead  in  zero  field  to  a  macroscopic  fenimagnetic 
arrangement  for  the  system  A  (the  magnetization  direction 
alternates  in  adjacent  layers)  and  to  a  ferromagnetic  one  for 
the  system  B.  In  the  ferrimagnetic  Gd-Co  system,  a  saturated 
state  is  induced  under  applied  field,  with  the  formation  of  a 
Bloch  wall  in  the  Co  sublattice  at  each  interface  The  transi¬ 
tion  field  and  the  creation  or  annihilation  of  such  Bloch  walls 
have  been  studied  in  more  detail  in  (Y-Co)/(Gd-Co)/(Y-Co) 
sandwiches. 

In  this  paper  we  discuss  a  variety  of  original  magnetiza¬ 


tion  processes  of  a  series  of  sandwich  systems  in  which  the 
layer  moments,  layer  coercivities,  and  layer  thicknesses  are 
different. 

The  sandwiches  (Sm-Co)/Co/(Sm-Co)',  (Sm-Co)/(Gd- 
Co)/  (Sm-Co)'  have  been  prepared  at  the  IBM  Research  Cen¬ 
ter  in  San  Jose  from  targets  of  Sm,  Co,  and  Gdo,37Coo.63  by 
dc  bias  sputtering  under  a  residual  Ar  pressure  of  3  mTorr, 
the  initial  vacuum  being  10"^  Torr.  The  Sm-Co  layers  are  in 
fact  multilayers  obtained  by  alternate  deposition  of  very  thin 
Co  and  Sm  films  [respectively,  (Sms  aCojo  a)3o 
(Sms  aCojo  a)2o]>  giving  a  different  coercive  field  for  each 
layer. 

A  ouartz  oscillator  was  used  to  control  the  thicknesses  of 
'■'500  A  for  the  external  layers  and  between  500  and  5000  A 
for  the  central  layers.  Except  for  the  crystalline  films  ob¬ 
tained  from  pure  Co,  the  materials  are  amorphous. 

An  easy  direction  magnetization  was  induced  by  placing 
a  permanent  magnet  next  to  the  silicon  substrates  and  thus 
applying  a  field  parallel  to  the  film  surface  during  deposition. 

Magnetization  experiments  were  performed  using  a 
SQUID  magnetometer  at  4.2  K  and  a  vibrating-sample  mag- 
nometer  at  20  and  300  K,  The  magnetic  field  was  applied  in 
the  easy  direction  of  magnetization.  The  magnetization 
curves  for  the  different  samples  are  shown  in  Figs.  1-5. 

The  magnetization  curves  of  all  the  samples  are  charac¬ 
terized  by  three  or  two  steps,  when  the  magnetic  field  sweeps 
in  the  same  direction.  These  transitions  are  associated  with 
the  reversal  of  the  magnetic  moment  of  a  layer  at  a  field 
value  that  depends  on  the  coercivity  of  the  layer  as  well  as  on 
its  magnetic  coupling  with  adjacent  layers.  Indeed,  the  strong 
exchange  interactions  between  cobalt  moments  lead  to  the 
existence  of  Bloch  walls  in  some  of  the  magnetization  states. 
For  example,  in  the  saturated  state  of  the  samples  with 
Gd-Co  as  central  layer,  the  Sm-Co  layer  moment  and  the  Gd 
moments  are  aligned  in  the  direction  of  the  field,  while  the 
Co  moments  of  the  Gd-Co  layer  point  in  the  opposite  direc¬ 
tion.  Consequently,  in  the  saturated  state,  a  large  planar 
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FIG.  1<  Magnetization  curve  at  4.2  K  with  the  applied  field  in  the  easy 
direction  for  the  Sm-Co/5000  A  Gd-Co/Sm-Co'  sample.  The  insert  shows 
the  magnetiration  process  after  application  of  a  field  between  Hx  and 
with  a  diffeii.nt  scale. 


Bloch  wall  lies  in  the  vicinity  of  each  interface,  while  there 
is  none  in  zero  field.  When  decreasing  the  field  from  the 
saturated  state  on,  the  existence  of  these  Bloch  walls  ex¬ 
plains  the  curvature  observed  at  low  field  in  the  magnetiza¬ 
tion  curves  of  the  samples  (Gd-Co  5000  A)  (Fig.  1)  and 
(Gd-Co  1000  A)  (Fig.  3),  as  well  as  the  transition  taking 
place  in  a  small  positive  field  (ffo).  In  zero  field,  all  the  Co 
moments  are  aligned  throughout  the  whole  sample  after  sup¬ 
pression  of  the  Bloch  walls,  minimizing  the  total  exchange 
energy,  in  absence  of  2^eman  energy.  At  room  temperature 
(Fig.  2),  this  transition  appears  in  a  larger  field  (~20  mT) 
than  at  4.2  K  (<1  mT)  (Fig.  1)  in  agreement  with  the  much 
smaller  value  of  the  magnetic  moment  of  the  central  layer 
(3),  For  the  same  rea.son,  a  larger  transition  field  (~5  mT)  is 
observed  for  the  sample  with  the  thinner  central  layer 
(Gd-Co  1000  A)  than  in  the  (Gd-Co  5000  A)  sample,  corre¬ 
sponding  to  the  reversal  of  a  smaller  magnetic  moment. 


FIG.  2.  Magnetization  curve  at  300  K  with  the  applied  field  in  the  easy 
direction  for  the  Sm-Co/5000  A  Gd-Co/Sm-Co'  sample.  Arrows  indicate 
irreversible  magnetization  process. 


-0.4  0  0.4 

Magnetic  fleld  (T) 


FIG.  3.  Magnetization  curve  at  20  K  with  the  applied  field  in  the  easy 
direction  for  the  Sm-Co/1000  A  Gd-Co/Sm-Co'  sample.  The  insert  shows 
the  magnetization  process  after  application  of  a  field  between  Hx  and  Hi- 
Arrows  indicate  irreversible  magnetization  process. 

The  subsequent  application  of  a  magnetic  held  in  the 
opposite  direction  does  not  change  the  value  of  the  total 
magnetic  moment  which  indicates  a  single  domain  configu¬ 
ration  in  each  layer.  Increasing  the  field  further  in  this  nega¬ 
tive  direction  induces  a  second  transition  at  //,  (130  mT  in 
Gd-Co  samples).  This  transition  corresp  mds  to  magnetiza¬ 
tion  reversal  in  the  less  coercive  Sm-Co  layer,  accompanied 
by  the  creation  of  a  Bloch  wall  in  the  Gd-Co  layer  minimiz¬ 
ing  the  large  Co-Co  exchange  interactions  throughout  the 
whole  sandwich.  Finally,  a  last  transition  occurs  at  a  field  Hi 
[-280  mT  in  (Gd-Co  5000  A)  and  (Gd-Co  1000  A)],  when 
the  second  layer  of  Sm-Co  with  the  larger  coercive  field 
reverses  with  the  creation  of  a  second  Bloch  wall  in  Gd-Co 
at  the  second  interface. 

The  observed  behavior  is  somewhat  different  in  the 
sandwiches  with  cobalt  in  the  central  layer  (Co  1000  A,  Fig. 
4  and  Co  500  A,  Fig.  5):  in  the  saturated  state  all  the  Co 
moments  are  aligned  in  the  direction  of  the  field  and  no 
Bloch  wall  exists.  Decreasing  the  field  down  to  zero  keeps 
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FIG.  4.  Magnetization  curve  at  20  K  with  the  applied  field  in  the  easy 
direction  for  the  Sm-Co/1000  A  Co/Sm-Co'  sample.  Arrows  indicate  irre¬ 
versible  magnetization  process. 
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FIG.  5.  Magnetization  curve  at  20  K  with  the  applied  field  in  the  easy 
direction  for  the  Sm-Co/500  A  Co/Sm-Co'  sample.  Arrows  indicate  irrevers¬ 
ible  magnetization  process. 


this  state  with  a  luite  constant  total  magnetic  moment,  which 
is  the  signature  of  single  domain  configuration  for  each  layer. 
Applying  a  held  in  the  negative  direction  decreases  the  total 
magnetic  moment  in  the  (Co  1000  A)  sample  (Fig.  4)  but  not 
in  the  thinner  (Co  500  A)  sample  (Fig.  5).  Indeed,  the  de¬ 
crease  of  the  total  magnetic  moment  necessitates  to  reverse 
some  magnetic  moments  of  cobalt  and  then  to  create  at  least 
two  Bloch  walls  in  the  cobalt  layer.  Considering  the  relative 
thickness  of  the  wall  in  comparison  with  the  thickness  of  the 
cobalt  layer,  this  situation  is  possible  in  the  thicker  layer  but 
not  in  the  thinner  one,  at  least  for  a  field  smaller  than  the 
field  at  which  the  less  coercive  Sm-Co  layer  reverses  its 
magnetization.  In  fact,  in  these  two  samples,  the  magnetic 
moment  of  the  Co  central  layer  and  that  of  Sm-Co  reverse 
together  (Hq  and  Hi  are  identical)  under  creation  of  one 
Bloch  wall,  the  transition  being  particularly  sharp  for  the 
thinner  sample.  The  next  transition  occurs  in  a  nearby  ap¬ 
plied  field  (H2),  because  it  corresponds  to  the  reversal  of  the 
second  Sm-Co  layer  with  the  concurrent  annihilation  of  the 
existing  Bloch  wall. 

We  now  have  a  closer  look  at  the  magnetic  state,  in 
which  the  two  Sm-Co  layers  have  their  magnetization  in  op¬ 
posite  directions,  with  a  Bloch  wall  inside  the  central  layer  of 
Gd-Co  or  Co.  This  state  is  obtained,  after  saturation  of  the 
sample,  by  applying  a  magnetic  field  in  the  opposite  direc¬ 
tion,  with  a  value  between  Hi  and  H2  and  releasing  the  field 
afterwards.  A  nearly  completely  reversible  magnetization 
process  is  obtained  as  reported  in  Fig.  1  for  the  (Gd-Co  5000 
A)  sample.  The  insert  in  Fig.  1  shows  that  1  mT  is  enough  to 
reverse  the  major  part  of  the  magnetization  of  the  Gd-Co 
layer.  Around  zero  field,  it  corresponds  to  a  susceptibility  of 


~2300  SI  (or  ~20  emu/g  Oe  to  be  compared  to  the  value  of 
2.3  emu/g  Oe  obtained  in  the  ZrCo  system  of  Ref.  1).  This 
large  susceptibility  is  associated  with  a  very  mobile  wall  in 
the  thick  layer  of  Gd-Co.  Such  a  behavior  is  also  obtained 
for  the  (Gd-Co  1000  A)  sample,  but  with  a  much  smaller 
susceptibility  (insert  on  Fig.  3).  In  that  case,  the  wall  width 
has  the  same  order  of  magnitude  as  the  entire  Gd-Co  layer 
thickness  and  the  wall  doesn’t  have  the  same  mobility. 

A  different  behavior  occurs  in  samples  with  cobalt  in  the 
central  layer  (Figs.  4  and  5).  After  application  of  a  field 
(Hi<H<H2)  creating  the  configuration  with  a  Bloch  wall 
in  the  Co  layer,  the  decrease  of  the  magnitude  of  the  applied 
field  leads  to  a  transition  (at  i/3)  towards  the  saturated  state. 
This  transition  conesponds  to  the  reversal  of  the  magnetiza¬ 
tion  of  the  less  coercive  Sm-Co  layer  simultaneously  with 
the  Co  layer  but  it  happens  in  a  very  small  positive  field 
(i/3<tffj)  in  the  (Co  1000  A)  sample,  while  the  transition 
occurs  in  a  negative  field  in  the  Co  500  A  layer.  This  transi¬ 
tion  is  then  associated  with  the  suppression  of  the  Bloch  wall 
inside  the  cobalt  layer  and  happens  in  a  lower  field  than  the 
coercive  field  of  the  noncoupled  layer. 

The  reversible  part,  with  a  small  susceptibility,  is  re¬ 
duced  to  a  small  field  region  between  Hi  and  H3.  The  sus¬ 
ceptibility  is  smaller  for  the  thinner  Co  layer,  because  the 
wall  occupies  a  large  part  of  the  layer  width  and  then  the 
magnetic  moment  of  the  layer  is  small.  It  is  also  possible  that 
this  Bloch  wall,  which  has  been  created  at  the  interface  with 
the  more  coercive  Sm-Co  layer,  is  trapped  at  this  interface 
and  needs  a  larger  field  to  be  unpinned.  A  similar  behavior  is 
observed  in  the  (GdCo  5000  A)  sample  at  room  temperature 
(Fig.  2),  in  which  the  magnetic  moment  of  the  Gd-Co  is 
small. 

In  conclusion,  we  have  presented  complex  and  original 
magnetization  processes  observed  in  sandwiches  consisting 
of  three  layers,  made  of  different  materials  and  exchange 
coupled  together.  Particularly,  it  has  been  possible  to  stabi¬ 
lize  a  magnetic  state  with  a  large  susceptibility,  associated 
with  the  motion  of  a  Bloch  wall.  Quantitative  analyses  are  in 
progress  in  order  to  have  a  better  understanding  of  the  ob¬ 
served  properties. 
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The  temperature  dependence  of  the  magnetic  properties  of  magnetic  superiattices  by  using  the  Bethe 
approximation  to  the  inhomogeneous  Ising  model  is  studied.  A  self-consistent  equation  which 
determines  the  variation  of  the  magnetic  moment  for  any  layer  thicknesses  is  derived.  In  particular, 
the  crossover  from  bulk-dominated  behavior  for  large  thicknesses  of  layers  to  interface-dominated 
behavior  for  small  thicknesses  is  discussed.  The  results  both  qualitaitively  and  quantitatively  differ 
from  mean-field  theory;  the  experimental  observation  for  FeF2/CoF2  and  CoO/NiO  superiattices  is 
explained. 


Magnetic  superiattices  are  new  materials  whose  mag¬ 
netic  properties  are  readily  distinguishable  from  those  of 
bulk  materials.  For  example,  the  specific  heat  of  an 
FeF2/CoF2*  superlattice  cannot  be  obtained  by  the  superpo¬ 
sition  of  the  individual  bulk  specific  heats  of  FeF2  and  C0F2 
due  to  interfacial  interaction.  Many  theoretical  investi¬ 
gations^’^  on  magnetic  superiattices  have  been  put  forward 
with  different  models  and  approximations.  While  most  of  the 
attention  was  focused  on  low-temperature  properties,  Diep'* 
has  recently  studied  the  magnetic  transition  temperature  of  a 
Heisenberg  model  of  antiferromagnetic  superiattices  by  us¬ 
ing  a  Green’s  function  method.  To  explain  the  experimental 
data*  on  thermal  expansion  coefficient  which  is  proportional 
to  magnetic  contribution  of  specific  heat,  a  mean-field 
theory*’^  has  also  been  developed.  With  this  theory,  one  can 
qualitatively  estimate  a  critical  thickness  of  the  layers  above 
which  the  specific  heat  displays  two  maxima  with  respect  to 
temperature.  The  peak  at  the  higher  temperature  corresponds 
to  the  phase  transition  in  the  superlattice  while  the  other  at 
the  lower  temperature  is  due  to  the  rapid  increase  of  the 
moments  of  the  material  with  lower  bulk  Neel  temperature. 
This  latter  maximum  may  be  suppressed  by  interfacial  inter¬ 
action  when  the  layer  thicknesses  are  reduced.  Although  the 
mean-field  theory  successfully  describes  some  properties  of 
the  superiattices,  it  fails  to  explain  the  long  magnetic  coher¬ 
ence  length  observed  experimentally.  Borchers  et  alJ  have 
shown  that  for  certain  temperature  ranges,  e.g.,  above  400  K, 
the  center  of  the  CoO  layers  (Neel  temperature  of  bulk  CoO 
is  291  K)  has  vanishingly  small  moments  while  the  magnetic 
coherence  length  is  still  much  larger  than  the  bilayer  thick¬ 
ness  of  NiO/G)0  superiattices. 

We  study  the  temperature  dependence  of  the  magnetic 
properties  of  magnetic  superiattices  by  using  the  Bethe- 
Peierls  approximation.  This  approximation^  is  a  useful  tool 
for  studying  spin-glass  systems  in  which  both  the  magnitude 
and  the  sign  of  the  interactions  between  neighboring  mag¬ 
netic  spins  are  random.^  Although  both  the  Bethe  approxima¬ 
tion  and  the  mean-field  theory  give  the  same  critical  expo¬ 
nents  near  the  transition  temperatures,  the  key  difference  is 
that  the  former  takes  into  account  the  short-range  correlation 
which  is  essential  in  understanding  the  temperature  depen¬ 


dence  of  the  magnetic  properties.  It  turns  out  that  experimen¬ 
tal  data  on  the  magnetization,  the  coherence  length,  and  the 
specific  heat  can  be  well  explained. 

The  interaction  we  consider  is  of  the  nearest-neighbor 
Ising  type  in  which  a  spin  in  the  nth  layer  parallel  to  the 
interfaces  only  couples  with  spins  in  nearest  layers: 

Ks‘„-  '2  Jn,n+is‘„sUi,  (1) 

n,l 

where  s‘„  is  the  spin  at  site  i  in  the  nth  layer,  and  H‘„  is  the 
local  external  magnetic  field.  Here  we  have  neglected  cou¬ 
pling  of  the  spins  within  the  same  layers. We  now  apply  the 
Bethe  approximation  to  the  above  Hamiltonian  for  spin-half, 
i.e.,  s^= ±  1;  extension  to  the  higher  order  spins  will  be  given 
elsewhere. 

The  Bethe  approximation  to  an  Ising  spin  system  on  a 
regular  lattice  can  also  be  taken  as  an  exact  solution  of  the 
system  on  a  Bethe  lattice.**  This  lattice  is  simply  connected, 
i.e.,  for  any  two  sites  there  is  a  unique  path  to  connect  them; 
each  site  connects  with  independent  branches.  The  interac¬ 
tion  from  all  branches  to  a  given  site  can  be  represented  by 
effective  fields  h‘„,  where  integer  I  runs  from  1  to  the  coor¬ 
dination  number  2p..  For  layered  structures,  translational  in¬ 
variance  in  planes  parallel  to  the  interfaces  simplifies  these 
effective  fields  to  A„  and  B„  which  are  the  contributions 
from  the  branches  connecting  nth  layer  to  (n  +  l)-th  and  (n 
~l)-th  layers,  respectively.  Therefore,  the  thermodynamic 
average  of  the  spin  s‘„  can  be  written  as® 

«n=<5n)  =  tanh()3//  +  l3pA„+ (2) 

where  P=l/kT  and  we  have  used  uniform  external  fields  in 
planes  parallel  to  interfaces,  i.e., 

To  find  these  effective  fields,  we  focus  on  one  branch 
from  a  site  in  the  nth  layer  to  one  in  the  (n  +  l)-th  layer.  For 
this  one  branch  system,  one  can  easily  arrive  at 

gOUn,n  +  l'^^n  +  0  -{■  gfi(~ln,n+l~i'n  +  0 
”gy3(-^,„+i+A'+,)+e/3y„.„+i-A;;+,)  ’ 

where  +  Asimple  algebra 

leads  to 
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tanh()3A„) = tanh(  A^„,„+ 1  )tanh[)3ff„+ 1  )A^ + 1- 

+j8;xB„+i].  (4) 

Similarly, 

tanh()8B„)=tanh(ya/„_i.„)tanh[i8//„_i+/8(;u.-l)B„_i 

(5) 

The  above  equatipns,  Eqs.  (4)  and  (5),  with  the  periodic 
boundary  conditions  fonn.  a  complete  set  of  self-consistent 
equations  for  {A„}  and  ,{B„}  that  can  be  solved  numerically; 
so  can  all  the  derivatives.  Once  we,  solve  these  recursion 
equations,  the  magnetization  in  each  layer  for  the  superlattice 
can  be  obtained  by  using  Eq.  (2).  The  other  thermodynamic 
quantities  can  aho  be  found  numerically. 

The  internal  energy  is 

U=^-2H„S„-2  (6) 

n  n,{i,}) 

and  specific  heat  is  c^=dU/dT.  To  calculate  these  quanti¬ 
ties,  we  need  to  find.the  correlation  function  In  gen¬ 
eral,  this  can  be  done  by  first  calculating  the  local  suscepti¬ 
bility  and  then  by  using  the  fluctuation-dissipation  relation. 
For  a  particular  case  where  /«  =  «  + 1 ,  we  find  the  correlation 
between  two  neighboring  spins  is 

+  9n,ii  + 1  —  (^M.n  +  l  +  + j  "b "b 4.  j 

-1)'''.  (7) 

where  q„  „+i=coth(2fiJ„  „+i),  and  +(-)  corresponds  to 
J>0  (7<0).  It  is  clearly  seen  that  above  the  transition  tem¬ 
perature,  in  which  all  5„=0,  the  correlation  does  not  van¬ 
ishes,  in  contrast  to  the  mean-field  theory. 

We  now  consider  an  infinite  antiferromagnetic  superlat¬ 
tice  which  consists  of  material  A  with  exchange  constant 
7^<0  and  layer  thickness  (in  units  of  monolayers),  and 
material  B  with  exchange  constant  and  layer 

thickness  Ng .  We  choose  and  Jg  such  that  they  give  the 
conect  Neel  temperatures  and  T g  for  bulk  samples  of  A 
and  B  within  the  Bethe-Peierls  approximation,  i.e., 
y^(B)=0.5fcr^(B)  exp[(2/i-2)'2/x].'^  The  only  unknown  pa¬ 
rameter  is  the  exchange  constant  at  an  interface  J,  which 
characterizes  the  coupling  between  materials  A  and  B.  A  rea¬ 
sonable  value  for  7^  is  an  average  ofJj^  mdJg  for  an  ideal 
superlattice.  The  magnetic  unit  cell  of  the  superlattice  is 
P=Ny^+Ng  if  it  is  even  and  P=2(Nj^+Ng)  if  N^^+Ng  is 
odd.  To  solve  Eqs.  (4)  and  (5)  efficiently,  we  expand  their 
right  sides  in  terms  of  tanh  I3A„  and  tan  .  Rather  than 
solve  for  A„  and  B„,  we  determine  tanh  /3A„  and  tanh PB„ 
because  these  functions  are  bounded  between  -1  to  1  and 
are  well-behaved  numerically.  By  giving  initial  random  val¬ 
ues  of  tanh)3A„  and  tanh^B„  («  =  1,2...P)  and  by  using 
periodic  boundary  conditions  (e.g.,  tanh  /3Ap+i=tanh  ^SAj), 
one  can  easily  achieve  solutions  for  any  given  temperatures. 
In  all  the  ranges  of  temperature  we  considered,  the  number 
of  iterations  required  for  convergence  is  typically  smaller 
than  10"*,  even  near  the  transition  temperature. 

The  temperature  variation  of  the  moments  in  the  super¬ 
lattice  is  depicted  in  Fig.  1  where  we  show  the  moments  of 
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FIG.  1.  Temperature  dependence  of  the  moments  in  a  superlattice.  We  have 
chosen  ,  and  2/t=8.  Temperature  is  nor¬ 

malized  to  the  bulk  Neel  temperature  Tg .  Tne  dashed  curves  represent  the 
moments  of  bulk  materials  of  A  (lower  curve)  and  B  (upper  curve).  The 
eight  moments  from  the  center  of  the  A  layers  to  the  center  of  B  layers  are 
represented  by  the  eight  solid  curves  (from  lowest  to  highest). 


the  layers  from  the  center  of  the  material  A  to  the  center  of 
the  material  B.  When  the  temperature  is  lowered  to  the  tran¬ 
sition  temperature,  the  ordering  occurs  in  the  entire  superlat¬ 
tice  simultaneously;  this  can  be  seen  by  nonzero  values  of 
moments  for  all  layers  below  the  transition  temperature. 
When  the  moments  are  built  up  for  layers  of  B,  they  act  as  an 
“external  field”  and  induce  moments  in  A  layers.  However, 
the  moments  in  the  center  of  A  remain  small  until  the  tem¬ 
perature  is  lowered  close  to  the  bulk  Neel  temperature  — a 
signature  of  bulk  feature  that  the  moments  increase  rapidly 
near  .  The  magnetization  curves  in  Fig.  1  are  in  good 
agreement  with  the  neutron  scattering  experiment.’ 

Although  mean-field  theory  gives  the  similar  behavior  to 
Fig.  1,  there  are  significant  differences  in  understanding 
other  magnetic  properties.  Let  us  suppose  the  superlattice  is 
divided  into  pieces;  each  piece  consists  of  material  B  with 
thickness  Ng  sandwiched  by  A  with  thickness  of  NJ2  on 
both  sides.  Since  the  mean-field  theory  neglects  local  corre¬ 
lations,  these  pieces  are  coupled  through  average  moments  of 
the  boundaries  of  each  piece  (same  as  the  moments  in  the 
center  of  A  layers,  see  Fig.  1).  These  moments  are  quite 
small  when  the  temperature  is  close  to  Tg ,  e.g.,  T>0.8Tg. 
Therefore,  the  mean-field  theory  predicts  that  these  pieces 
defined  above  are  magnetically  uncoupled  for  temperature 
T>0.8Tg.  Equivalently,  the  magnetic  correlation  length 
must  be  smaller  than  bilayer  thickness  at  these  temperatures; 
ibis  is  in  contradiction  with  the  experimental  observations  by 
Borciiers  et  al?  They  have  shown  that  the  magnetic  coher¬ 
ence  length  of  the  NiO/CoO  superlattice  is  several  times 
larger  than  the  bilayi.t  thickness  at  T =400  K  while  the  mo¬ 
ments  of  the  center  of  the  CoO  layers  are  practically  zero. 
Our  formulation  overcomes  this  apparent  shortcoming  of  the 
mean-field  theory,  because  we  have  taken  into  account  the 
short-range  correlations.  From  Eq.  (7),  the  correlation  func¬ 
tion  is  sizable  even  if  s„  is  zero.  'Fhe  energy,  Eq.  (6),  depends 
on  these  correlation  function  and,  therefore,  one  cannot 
freely  flip  all  the  spins  in  one  piece  mentioned  above  without 
changing  the  ..pins  in  other  parts,  lo  describe  thi-  magnetic 
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FIG.  2.  Temperature  dependence  of  the  coupling  enetgy  for  the  same  super¬ 
lattice  with  Fig.  1.  Solid  and  dashed  curves  are  from  our  calculation  and  the 
mean-field  theory,  respectively. 

coupling  in  the  antiferromagnetic  superlattice  we  define  the 
coupling  energy  to  be  the  change  of  energy  by  flipping  all  the 
spins  in  one  piece  while  leaving  all  others  unchanged.  This 
definition  of  the  coupling  energy  is  similar  to  that  for  ferro¬ 
magnetic  superlattices,  e.g.,  Fe/Cr.*^  We  show  in  Fig.  2,  the 
coupling  energy  as  a  function  of  temperature.  For  compari¬ 
son,  we  also  show  the  corresponding  curve  from  the  mean- 
field  theory.  The  salient  feature  is  that  the  coupling  energy, 
which  is  proportional  to  the  correlation  function,  is  consid¬ 
erably  larger  than  that  of  mean-field  theory  when  the  tem¬ 
perature  is  above  .  Therefore,  we.  are  able  to  explain  why 
the  superlattice  of  NiO/CoO  is  coherent  while  the  moments 
in  the  center  of  CoO  layers  are  vanishingly  small. 

To  compare  with  experimental  results  on  the  thermal  ex¬ 
pansion  of  FeF2/CoF2  which  is  proportional  to  the  specific 
heat,  we  calculate  the  specific  heats  for  three  samples  with 
different  combinations  of  layer  thicknesses.  For  thick 
samples  ^'yl=30  and  Nb=25,  there  are  two  peaks  shown  in 
Fig.  3.  The  first  peak  near  Tg  characterizes  the  phase  transi¬ 
tion,  while  the  second  peak  comes  from  rapid  changes  of  the 
moments  in  the  material  A  (C0F2)  near  .  Although  the 
second  peak  (to  be  called  as  quasitransition  peak)  does  not 
represent  a  true  phase  transition,  it  reflects  the  bulk  property 
of  CoFi.  When  the  C0F2  layer  is  thin  as  for  the  sample  of 
N^=6  and  Nb= 19,  however,  the  quasitransition  is  com¬ 
pletely  suppressed  by  interfacial  interactions.  The  presence 
or  absence  of  the  quasitransition  peak,  as  well  as  the  shape  of 
the  specific  curves  for  FeF2/CoF2  superlattices,  are  in  excel¬ 
lent  agreement  with  the  experimental  results.’ 

We  should  point  out  that  the  specific  heats  we  show  in 
Fig.  3  are  different  from  that  coming  from  the  mean-held 
calculation.  Since  the  mean  held  theory  sets  zero  correlation, 


FIG.  3.  Temperature  dependence  of  specific  heats  per  superlattice  period. 
The  three  curves  labeled  as  25/30,  19/6,  and  8/8  are  for  three  samples  with 
different  layer  thickness  Ng/N^ . 

the  influence  of  the  material  B  to  the  material  A  is  underes¬ 
timated.  The  quasitransition  peaks  in  specihe  heats  which 
characterize  one  of  the  bulk  properties  for  material  A  are 
much  higher  than  ours.  Therefore,  in  order  to  explain  the 
on-set  of  the  suppression  of  the  quasitransition  peak  in  thin 
layers  one  must  choose  much  larger  interfacial  interaction 
constant  in  the  mean-field  theory  than  in  our  approxim;!tion. 
In  addition,  we  find  the  specific  heat  is  nonzero  when  the 
temperature  is  higher  than  the  transition  temperature,  (see 
Fig.  3),  in  contrast  to  the  mean-field  theory. 
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Ferromagnetic  resonance,  SQUID  magnetometry,  and  x-ray  diffraction  have  been  used  to 
characterize  a  set  of  [Fe304(68  A)/NiO(17  superiattices  (SL)  with  N=3,  10,  30,  and  100,  as 
well  as  a  l/-/im-thick  Fe304  film.  For  this  NiO  thickness,  Fe304  layers  are  strongly  coupled  and  the 
in-p!ane  .uiisotropy  is  much  less  than  the  330-Oe  ferromagnetic  resonance  (FMR)  linewidth  at  35 
GHz.  Both  in-plane  and  perpendicular  FMR  at  9.5  and  35  GHz  have  been  used,  with  the  9.5-GHz 
data  showing  significant  hysteresis  associated  with  the  sample  magnetization.  X-ray  diffraction 
indicates  that  both  the  film  and  SL’s  are  nearly  cubic  single-crystalline  structures  with  long-range 
coherence.  The  300  K  magnetization  data  indicate  the  presence  of  small  cubic  anisotropy  in  the 
SL’s,  althou^  bulklike  Fe304  magnetic  ordering  in  the  thick  single  film.  When  the  Fe304  film  is 
cooled  below  the  Verwey  transition  in  a  10  kOe  field  (aligned  along  (100)),  the  FMR  shows  that  the 
sample  develops  a  large  uniaxial  (X„=1.8  kOe)  in-plane  anisotropy  with  its  easy  axis  along  the  field 
direction.  Decreased  microwave  loss  also  occurs  abhiptly  at  the  film  Ty. 


The  near-lattice-matched  structures  of  Fe304,  NiO,  and 
MgO  permit  one  to  grow  superiattices  (SL)  of  Fe304/Ni0  on 
MgO(001)  substrates.  Recent  work  shows  that  the  interplay 
of  the  interlayer  exchange,  the  bulk  and  .«train-induced  an¬ 
isotropy,  and  alternating  ferrimagnetic  anu  antiferromagnetic 
structures  lead  to  unusual  magnetic  properties  in  this 
system.'’^  In  this  paper,  we  extend  t!\e  coordinated  ferromag¬ 
netic  resonance  (FMR),  magnetometry,  and  x-ray  diffraction 
study  carried  out  earlier^  to  examine  the  effect  of  tempera¬ 
ture,  field  cooling  and  the  number  of  bilayers  on  the  mag¬ 
netic  properties  of  Fe304/Ni0  superiattices  and  Fe304  films. 

A  Fe304  sample  1.5  ^m  thick  and  a  series  of 
(Fe304/Ni0);v  superlattice  samples  were  grown  on  thin 
MgO((X)l)  substrates  by  oxygen-plasma-assisted  molecular 
beam  epitaxy  using  the  methods  described  previously."*  For 
the  superiattices  used  in  tl'.e  present  study,  the  Fe304  layer 
thickness  was  held  fixed  at  68  A  (eight  magnetic  unit  cells) 
and  the  NiO  thickness  at  17  A  (four  magnetic  unit  cells). 
Samples  were  prepared  with  ^=3, 10,  30,  and  100  to  probe 
the  effect  of  the  bilayer  repetition  number  on  the  magnetic 
behavior. 

Ferromagnetic  resonance  measurements  were  carried  out 
at  35  and  9.5  GHz  at  various  temperatures  in  the  range  100- 
300  K.  Both  magnetic  field  in-plane  and  perpendicular  data 
were  obtained.  SQUID  magnetometry  data  were  acquired  on 
all  samples  in  fields  up  to  55  kOe  either  parallel  or  normal  to 
the  thin  film.  The  0-26  x-ray  diffraction  patterns  measured 
for  each  of  these  samples  permitted  the  SL  period  and  the 
in-plane  and  perpendicular  coherence  to  be  established.  The 
more  intense  modulation  satellites  could  be  seen  easily  even 
for  the  iV=3  superlattice  while  for  the  A/" =100  sample  at 
least  nine  high-angle  satellites  were  measurable.  Analysis  of 
the  peak  positions  and  linewidths  of  the  x-ray  spectra  estab¬ 
lished  the  presence  of  a  nearly  cubic  single-crystal  lattice 
with  long-range  (>2000  A)  coherence  in  the  Fe304  film,  and 
SL’s  with  a  nearly  1%  in-plane  lattice  distortion  and  coher¬ 
ence  length  that  scales  with  the  total  SL  thickness.  X-ray 


spectra  of  similar  superiattices  have  been  reported 
previously.**^ 

When  the  temperature  of  bulk  Fe304  is  cooled  below  the 
so-called  Verwey  transition,  the  conductivity  abruptly  de¬ 
creases,  caused  by  the  atomic  ordering  of  the  Fe^*"  ions,  and 
the  lattice  distorts.^  Based  on  this  behavior,  the  film  FMR 
was  examined  as  a  function  of  temperature,  and  Fig.  1  shows 
the  FMR  spectra  at  35  GHz  after  the  sample  has  been  cooled 
through  the  Verwey  temperature  Ty  with  a  field  of  14  kOe 
applied  along  [100]. 

Note  that  the  previously  equivalent  [100]  and  [010] 
spectra  are  very  distinct  after  the  field  cooling.  Most  of  the 
Ifim  gives  rise  to  the  broad  FMR  lines  near  5.6  kOe  for 
H|j[100]  and  10.9  kOe  for  i7||[010].  A  small  fraction  of  the 
film  which  did  not  distort  produces  the  narrower  FMR  lines 
near  9 A  kOe  in  both  orientations.  Alternatively,  one  can  cool 
with  H|1[010]  and  the  roles  of  [100]  and  [010]  are  reversed. 
This  indicates  that  the  application  of  a  large  field  along  a 
given  (100)  during  cooling  selects  that  direction  as  the  mag¬ 
netically  easy  direction  for  all  (or  almost  all)  of  the  sample. 


35.2  GHz 


FIG.  1.  Effect  of  cooling  a  Fe304  film  through  the  Verwey  transition  with  a 
field  of  14  kOe  along  the  in-phne  [100].  The  subsequent  in-plane  35.2-GHz 
FMR  spectra  are  shown  for  //||[100]  and  //||[010].  At  room  temperature,  a 
single  narrow  FMR  line  at  10.3  kOe  is  found  for  both  these  field  directions. 
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T(K) 


FIG.  2,  Temperature  dependence  of  the  cubic  anisotrop'-  parameter  /Ti  for  a 
1.5-/im-thick  Fe304  film. 


9.1  GHz 


FIG.  3.  Note  the  marked  hysteresis  in  the  9.1-GHz  FMR  spectrum  of  a 
Fe304  fiN  field-cooled  with  H  (and  along  the  [001]  film  normal  for 
(a)  increasing  and  (b)  decreasing  field  scans.  Trace  (c)  shows  the  corre¬ 
sponding  spectrum  at  300  K. 


We  found  that  cooling  in  zero  field  leave .  the  two  in-plane 
(1(K))  directions  equivalent  and  the  spectrum  a  superposition 
of  the  two  field-cooled  cases,  indicating  that  the  film  breaks 
up  into  different  regions  with  their  local  distortion  axes  (and, 
hence,  easy  directions)  along  one  or  the  other  (100). 

The  in-plane  angular  dependence  of  the  spectra  in  the 
distorted  Verwey  state  can  be  fit  fairly  well  with  the  follow¬ 
ing  parameters:  AttM'-I.S  kG,  KJM  =  -\A  kOe,  and 
Here,  cos^  a  is  a  uniaxial  aniotrogy  which  favors 
M\\H coo\>  « is  the  -'ngle  between  and  M,  and  /fj  is  the 
usual  fourth-order  cubic  anisotropy.  The  strain  introduced  as 
the  film  distorts  introduces  a  significant  change  in  the  effec¬ 
tive  magnetization  4itM'  =  4vM  +  2KJM . 

We  found  that  a  large  (cold)  field  applied  90“  away  from 
the  field-cooled  direction  causes  a  decrease  in  intensity  rf  the 
field-cooled  signal.  Furthermore,  as  the  sample  warms  to¬ 
ward  Ty,  the  field-cooled  signal  also  decreases  while  the 
previously  weak  signal  due  to  undistorted  Fe304  (near  9.4 
kOe  in  Fig.  1)  increases  and  narrows  rapidly.  After  the  abrupt 
decrease  in  microwave  cavity  Q  (indicating  the  increase  in 
sample  conductivity  at  Ty)  occurs,  only  the  undistorted  sig¬ 
nal  remains.  The  temperature  variation  of  the  cubic  anisot¬ 
ropy  of  the  film  for  T>Ty  is  shown  in  Fig.  2.  It  appears  that 
Ki,  which  decreases  as  the  temperature  is  lowered  below 
200  K,  vanishes  at  Ty. 

Finally,  we  note  that  when  one  carries  out  similar  experi¬ 
ments  at  9.1  GHz  with  a  14-kOe  field  normal  to  the  film 
during  cooling  below  Ty,  the  marked  hysteresis  shown  in 
Fig.  3  is  found.  The  intense  signal  near  5.2  kOe  (found  only 
when  H  is  decreasing)  occurs  just  as  the  sample  magnetiza¬ 
tion  direction  starts  to  deviate  from  being  parallel  to  H.  It  is 
not  clear  why  only  a  very  weak  version  of  this  signal  is 
observed  for  H  increasing.  Note  also  the  decrease  in  AttM' 
(shown  by  the  drop  in  the  resonance  field,  see  trace  c)  when 
T<Ty.  This  is  due  to  a  decreased  AirM'  induced  by  the 
Fe304  distortion  favoring  M  normal  to  the  film  when  is 
along  the  normal.  The  low-field  satellites  seen  in  Fig.  3(c) 
are  spin  waves  as  indicated  by  explicit  calculations. 

We  call  attention  to  the  fact  that  the  FMR  behavior  de¬ 
scribed  above  is  similar  to  that  found^  for  bulk  Fe304.  This 
shows  that  the  substrate-induced  distortion  (=«0.3%  for  this 


sample)  does  not  have  any  major  qualitative  effect  on  the 
magnetic  properties  of  the  film 

The  most  significant  magnetic  aspect  of  the  behavior  of 
Fe304/Ni0  superlattices  is  the  difficulty  in  saturating  the 
magnetization  even  when  the  magnetic  field  is  applied  in 
plane.'’^  For  example,  our  present  measurements  show  that 
the  magnetization  of  a  [^0304(68  A)/NiO(17  A)]ioo  SL 
[shown  in  Fig.  4(a)]  is  only  65%  of  saturation  at  20  kOe  and 
is  still  not  saturated  at  50  kOe.  The  magnetization  profiles  of 
the  A^=30  and  10  SL’s  are  qualitatively  the  same  as  the 
A(=100  SL,  when  the  total  moment  is  normalized  to  the 
Fe304  volume,  with  sigmoidal  hysteresis  and  difficulty  of 
saturation.  The  profile  for  [Fe304(68  A)/NiO(17  A)]-  [Fig. 


FIG.  4.  Magnetization  vs  magnetic  field  behavior  for  two  [Fe304(68  A)/ 
NiO(17  A)lv  superlattices  with  W||[100];  (a)  iV=100  and  (b)  N=3. 
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TABLE  I.  FMR  Parameters  of  (Fe304/Ni0)^  superlattices.  Based  on  35- 
GHz  data  at  300  K,  g=2.12  assumed. 


N 

4irM' 

(kG) 

SH 

(kOe) 

W, 

(kOe) 

(kOe) 

100 

2.34 

0.08 

0.33 

0.47 

30 

2.12 

0.08 

0.33 

0.44 

10 

2.14 

0.075 

0.32 

0.37 

3 

2.34 

0.06 

0.34 

0.44 

4(b)]  is  somewhat  narrower  and  squarer  with  a  low-field 
shoulder  and  nearly  linear  high-field  slope. 

We  consider  this  lack  of  saturation  most  likely  to  be  due 
to  a  frustrated  magnetic  state  in  which  different  Fe304  re¬ 
gions  of  the  SL  sample  have  their  net  magnetic  moments 
aligned  in  opposite  directions  (in  zero  field).  This  “frustra¬ 
tion”  is  thought  to  arise  fi-om  local  errors  in  the  nominal 
Fe304  or  NiO  thickness  which  lead  to  some  adjacent  68-A 
Fe304  layers  being  exchange  coupled  antiparallel  rather  than 
parallel  as  would  be  the  case  for  a  perfect  superlattice. 

Assuming  this  is  the  origin  of  the  effect,  the  question 
arises  as  to  whether  this  variation  is  mostly  a  bilayer-to- 
bilayer  effect  or  if  the  errors  are  distributed  randomly  across 
the  film  plane.  Since  the  likelihood  of  the  occurrence  of  a 
layer-to-layer  fluctuation  increases  with  the  number  of 
Fe304/Ni0  repeats,  one  would  expect  to  see  conesponding 
changes  in  the  M  vs  H  and  FMR  behavior  with  N  if  layer- 
to-layer  effects  were  dominant. 

The  relevant  FMR  data  are  summarized  in  Table  I  for  the 
superlattices  studied.  The  effectjve  magnetizations  dwA/' 
determined  from  H  in-plane  or  H  perpendicular  data  are  in 


good  agreement  and  only  the  average  value  is  given.  The 
quantity  SH  represents  the  maximum  variation  in  the  FMR 
field  position  as  the  direction  of  H  is  varied  in-plane.  As  can 
be  seen  from  Table  I,  this  anisotropy  variation  is  never  more 
than  a  small  fraction  of  the  parallel  or  perpendicular  line- 
widths  W.  We  also  note  that  the  FMR  positions  do  not  show 
full  fourfold  symmetry  as  H  is  rotated  in  plane  although 
weak  inequivalent  minima  were  observed  at  the  two  (100) 
directions. 

The  most  important  information  in  Table  I,  however,  is 
the  observation  that  none  of  the  parameters  listed  show  any 
large  or  systematic  variation  with  N  even  though  N  is  varied 
by  more  than  a  factor  of  30.  From  this  and  the  magnetization 
data  of  Fig.  4,  we  conclude  that  any  region-to-region 
coupling-sign  variation  must  be  distributed  primarily  among 
areas  within  individual  superlattice  bilayers  rather  than 
mainly  through  the  SL  thickness. 
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Studies  of fthe  Verwey  transition  in  Fe304/Ni0  superiattices  by  SQUiD, 
magnetometry  and  neutron  diffraction  techniques  (abstract) 
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D.  M.  Lind,  K.  A.  Shaw,  and  E.  Lochner 

Department  of  Physics  and  MARTECH,  Florida  State  University,  Tallahassee,  Florida  32306 

Single  crystal  sujperlattices  of  Fe304  and  NiO,  grown  on  MgO(lOO),  provide  a  means  to  study  the 
competition  between  interfacial  exchange  coupling  effects  and  epitaxial  strain  induced  by  these 
closely,  but  not  perfectly,  lattice  matched  materials.  Both  induce  profound  macroscopic  magnetic 
effects  in  the  superlattices,  especially  for  films  with  very  thin  (<80  A)  modulation  thicknesses.  The 
Fe304  Verwey  conductivity  transition  in  the  bulk  (~120  K)  is  highly  sensitive  to  both  the  exact 
stoichiometry  of  the  iron  oxide  and  the  presence  of  strain  and  is  accompanied  by  a  structural  and 
magnetic  anisotropy  change.  X-ray  di^action  measurements  show  that  these  supeflattices  are 
tetragonally  distorted  (up  to  1%),  with  the  increased  strain  associated  with  superlattices  composed 
of  thin  bilayers.  By  tracking  the  magnetic  evidence  of  this  phase  transition  using  SQUID 
magnetometry  techniques,  we  observe  attenuation  of  the  effect  in  superlattice  films  as  the  iron  oxide 
layers  grow  thinner  and  the  nickel  oxide  layers  are  thickened,  which  suggests  that  the  presence  of 
strain  in  the  iron  oxide  layers  is  highly  important.  TTie  small  structural  distortion  is  observable  in 
neutron  diffraction  measurements  of  a  Fe304  film.  Studies  of  the  diffuse  and  critical  scattering 
associated  with  this  transition  in  strained  iron  oxide  films  and  Fe304/Ni0  superlattices  and  a 
comparison  to  previous  work  on  bulk  Fe304  single  crystals  will  be  discussed. 
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Magnetic  structure  determination  for  FesO^NiO  superiattices  by  neutron 
diffraction  techniques  (abstract) 
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Neutron  difiraction  measurements  reveal  the  nature  of  the  magnetic  structure  in  Fe304/Ni0 
superiattices  grown  by  molecular  beam  epitaxy.  By  taking  advantage  of  differences  between  the 
spinel  and  rocksalt  crystalline  symmetries,  we  have  separated  the  magnetic  order  parameters  of  the 
Fe304  and  NiO  bilayer  components.  The  NiO  antiferromagnetic  order  develops  at  temperatures 
10-150  K  greater  than  iNeei  (520  K)  due  to  exchange  coupling  of  the  Ni  spins  to  the  Fe304 

(2curie=858  K)  at  the  superlattice  interfaces.  The  resultant  scaling  of  the  NiO  transition  temperature 
with  the  bilayer  composition  is  consistent  with  expectations  from  mean-field  treatments  for  a 
modulated  magnetic  material.  In  addition,  the  NiO  spin  order  propagates  coherently  through  several 
superlattice  bilayers,  while.the  magnetic  coherence  of  the  Fe304  is  limited  by  a  random  stacking  of 
the  spinel  unit  cell  at  the  interfaces  when  the  NiO  interlayers  are  thicker  than  «“15  A.  A  model  for 
the  diffraction  data,  based  upon  a  Hendricks-Teller  description  of  the  interfacial  disorder, 
demonstrates  that  the  observed  broadening  of  selected  crystalline  and  magnetic  reflections 
originates  directly  from  these  stacking  faults.  Combining  the  high  angle  diffraction  results  with 
those  from  polarized-beam  reflectivity  analysis,  we  extract  specific  information  about  the  moment 
distribution  in  these  superiattices  and  qualitatively  explain  the  evolution  of  the  magnetic  structure 
with  temperature. 
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Perpendicular  magnetoresistahce  in  magnetic  multilayers:  Theoretical 
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After  a  general  introduction  describing  the  mechanisms  of  the  current  perpendicular  to  the  layer 
plane  magnetoresistance  (CPP-MR),  a  microscopic  model  based  on  the  Boltzmann  equation  is 
presented  and  a  general  expression  of  the  magnetoresistance  is  derived  in  which  the  spin  diffusion 
length  appears  as  the  unique  scaling  length  of  the  problem.  In  the  limit  where  the  spin  diffusion 
lengths  are  much  larger  than  the  layer  thicknesses,  the  expression  of  the  CPP-MR  becomes  very 
simple  and  similar  to  that  already  used  at  Michigan  State  University  for  the  analysis  of  experimental 
results.  Out  of  this  limit,  the  model  predicts  a  dramatic  reduction  of  the  CPP-MR  if  the  spin 
diffusion  lengths  are  shortened  sufficiently  by  paramagnetic  impurities  or  spin-orbit  scatterers. 

Finally,  a  calculation  is  presented  of  the  spin-dependent  interface  resistances  involved  in  the  model 
and  related  to  interface  potential  steps,  and  experimental  data  are  compared. 


I.  INTRODUCTION 

The  giant  magnetoresistance  (GMR)  of  the  magnetic 
multilayers*’^  was  first  observed  and  studied  in  the  so-called 
CIP  (current-in-plane)  geometry.  Then,  in  1991,  Pratt  et  al^ 
at  Michigan  State  University  could  also  measure  GMR  ef¬ 
fects  in  the  CPP  (current  perpendicular  to  the  layer  plane) 
geometry.  We  refer  to  Pratt  et  al*  and  to  the  invited  paper  of 
Bass  et  al.  at  this  conference*  for  a  review  of  the  extensive 
results  obtained  at  Michigan  State  University  on  multilayer 
structures  based  on  the  Co/Cu  and  Co/Ag  systems.  More 
recently,  Gijs,  Lenczowski,  and  Giesbert*  have  also  been 
able  to  measure  CPP-GMR  effects  on  mesoscopic  structures 
prepared  by  lithography  (which  allows  them  measurements 
at  room  temperature). 

The  several  models  developed  for  the  CIP-GMR  (Ref.  7 
and  8)  are  very  generally  based  on  the  different  conduction 
properties  of  the  spin  t  (majority)  and  spin  j  (minority)  elec¬ 
trons  in  ferromagnetic  metals.^  Although  the  CPP-MR  can  be 
also  attributed  to  spin-dependent  conduction,  there  are  im¬ 
portant  fundamental  differences  between  the  mechanisms  of 
the  CPP-  and  CIP-MR.  The  main  difference  actually  comes 
from  the  spin  accumulation  and  spin  relaxation  effects  occur¬ 
ring  in  the  CPP  geometry. 

An  illustration  of  the  spin  accumulation  and  relaxation 
effects  at  an  interface  is  presented  in  Fig.  1.  A  plane  bound¬ 
ary  separates  two  semi-infinite  ferromagnetic  materials  hav¬ 
ing  opposite  magnetizations  (one  can  imagine  a  very  thin 
nonmagnetic  layer  separating  the  two  regions).  We  suppose 
that  the  conductivity  of  the  majority  spin  channel  is  larger. 
Therefore,  far  from  the  boundary  on  the  left-hand  side,  the 
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spin  +  electrons  (those  which  are  majority  electrons  in  this 
region)  carry  a  larger  part  of  the  current  than  the 
spin-electrons.  On  the  contrary,  at  the  right-hand  side,  the 
spin  +  (now  minority  electrons)  carry  a  smaller  part  of  the 
current.  Consequently,  for  electrons  flowing  from  the  left-  to 
the  right-hand  side,  the  incoming  flux  of  spin  +  (spin  ~) 
electrons  from  the  left-hand  side  is  larger  (smaller)  than  their 
outgoing  flux  to  the  right-hand  side,  which  gives  rise  to  ac¬ 
cumulation  (depression)  of  spin  +  (spin  -).  This  means  an 
out-of-equilibrium  polarization  and  an  increase  (.for  spin  +) 
or  decrease  (for  spin  -)  of  the  chemical  potential  around  the 
boundary.  In  a  stationary  regime,  the  out-of-equilibrium  po¬ 
larization  is  balanced  by  spin  relaxation  processes.  However, 
because  the  spin  relaxation  time  is  very  long  (compared  to 
the  momentum  relaxation  time),  the  spin  +  accumulation  (or 
spin  -  depression)  diffuses  far  from  the  interface.  The  equa¬ 
tions  of  this  problem  have  already  been  written  down  by 
Johnson  and  Silsbee***  or  van  Son,  van  Kempen,  and 
Wyder.**  In  the  case  of  Fig.  1,  with,  in  addition,  symmetric 
spin  t  and  spin  i  bands  differing  only  by  their  scattering 
rates,  one  obtains  an  exponential  variation  of  the  spin  polar¬ 
ization,  that  is,  an  exponential  increase  (decrease)  of  the 
chemical  potentials  of  the  spin  +  (spin  -)  electrons, 
A/u.+(_)=±A/u  with  A^~exp(z//sf)  on  the  left-hand  side  and 
A^~exp(-z//sf)  on  the  right-hand  side;  is  the  spin  diffu¬ 
sion  length  (SDL)  that  we  define  precisely  below.  Aytt  is  rep¬ 
resented  in  Fig.  1(a).  The  variation  with  z  of  the  spin- 
dependent  chemical  potentials  gives  rise  to  spin-dependent 
forces  (pseudoelectric  fields)  that  slow  down  (accelerate)  the 
spin  -I-  (spin  -)  electrons  at  distances  of  the  order  of  l^f  on 
both  sides  of  the  boundary.  Consequently  the  currents,  see 
Fig.  1(b),  and  also  the  electric  field,  see  Fig.  1(c),  are  af¬ 
fected  in  a  broad  range,  -l^f^z^  +  l^f,  around  the  interface. 
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FIG.  1.  Illustration  of  spin  accumulation  effects  at  the  interface  z=0  be¬ 
tween  two  semi-infinite  ferromagnetic  regions  with  opposite  magnetizations. 
The  anows  indicate  the  majority  spin  dire-  tion  in  each  region.  The  electrons 
flow  from  left-  to  right-hand  side,  and  the  spin  +  electrons  are  supposed  to 
be  weakly  scattered  at  the  left-hand  side  and  strongly  at  the  right-hand  side. 
The  change  A/n  of  the  chemical  potential  of  the  spin  -F  electrons  (propor¬ 
tional  to  the  out  of  equilibrium  spin  polarization),  the  absolute  values  of  the 
cunent  densities  for  spin  and  spin  -  electrons,  7+  and  7.  ,  respectively, 
and  the  absolute  values  of  the  electric  field  E  are  plotted  vs  z.  See  also  Refs. 
14  and  15. 


In  contrast,  in  the  CIP  geometry,  the  perturbation  by  an  in¬ 
terface  does  not  extend  farther  than  the  resistivity  mean  free 
path  (MFP)  \.  This  is  an  important  difference  since,  in  sys¬ 
tems  such  as  Co/Cu  or  Co/Ag,  /jf  is  estimated  at  a  few  thou¬ 


sand'A  and  is  larger  thrm  \  by  one  order  of  magnitude.*^*^ 

This  fundamental  difference  between  CIP  and  CPP  ap¬ 
pears  clearly  also  in  the  theoretical  models:  the  MFP  \  is  the 
scaling  length  of  CIP-MR,’’*  whereas,  as  shown  in  Sec.  II, 
the  spin  diffusion  length.  (SDL)  /sf.becoines  the  unique  scal¬ 
ing  length  of  the  CPP  problem.  More  practically,  this  also 
means,  for  example,  that  the  CIP-MR^  Vanishes  when  the 
thicknesses  exceed  \,  and  the  CPP-MR  only  when  they  ex¬ 
ceed  /gf  (see  Sec.  IV).  Another  important  consequence  is  that, 
with  values  of  of  a  few  thousands  of  A,  most  experiments 
of  CPP-MR  have  been  performed  in  multilayers  with  indi¬ 
vidual  thicknesses  much  shorter  than  In  this  limit,  the 
expression  of  the  CPP-MR  becomes  very  simple,*^’’®  in 
agreement  with  the  phenomenological  picture  developed  at 
Michigan  State  University;'*’*  In  CIP-MR,  a  similar  simple 
limit  is  expected  for  individual  thicknesses  much  shorter 
than  the  MFP  X,  but  this  thickness  range  is  hard  to  reach  and 
never  very  extended. 

How  do  these  questions  of  spin  accumulation,  spin  re¬ 
laxation  and  spin  diffusion  length  appear  in  the  theoretical 
models  develop  for  the  CPP-MR  up  to  now? 

Johnson  and  Silsbee*®  and  van  Son  and  co-workers** 
have  treated  the  problem  of  spin  accumulation  at  interfaces 
with  macroscopic  equations,  and  Johnson*'*  has  applied  the 
same  approach  to  the  problem  of  the  CPP  MR.  The  model  of 
Valet  and  Fert,*^’**  that  we  summarize  in  the  first  part  of  this 
article,  is  a  microscopic  model  of  the  spin  accumulation  ef¬ 
fects  in  CPP  MR,  based  on  the  Boltzmann  equation.  The  first 
result  of  this  model  is  that  the  macroscopic  equations  of 
Johnson  and  Silsbee***  or  van  Son  and  co-workers**  are  jus¬ 
tified  if  the  MFP  X  is  much  shorter  than  the  SDL  (in 
addition,  in  this  limit,  becomes  the  unique  scaling  length 
of  the  problem).  Then,  in  the  application  of  the  CPP  MR  of 
the  multilayers,  our  calculation  departs  from  that  of 
Johnson.*'*  We  show  that  it  is  important  to  treat  the  interplay 
between  spin  accumulation  at  successive  interfaces  and  we 
find  a  general  expression*^  of  the  CPP  MR  quite  different 
from  Johnson’s  expression.*'*  In  the  limit  of  very  long  spin 
diffusion  lengths  (much  longer  than  the  individual  thick¬ 
nesses)  our  expression  of  the  GMR  becomes  very  simple  and 
is  equivalent  to  the  expressions  that  Pratt  et  al.*'^  have  found 
in  a  simple  “two-channel  model’’  and  used  for  the  interpre¬ 
tation  of  their  experiments. 

Besides  the  approach  of  Johnson*'*  or  Valet  and  Fert*^’** 
taking  into  account  the  spin  accumulation  effects  and  their 
balance  by  spin-flip  processes,  several  other  models  by 
Zhang,  Levy,  and  Camblong,*’  Bauer,*®,  or  Inoue,  Itoh,  and 
Maekawa***  are  based  on  the  assumption  that  the  current  is 
conserved  in  each  spin  channel  (no  spin  flip).  This  assump¬ 
tion  that  the  electrons  of  a  given  absolute  spin  direction  carry 
the  same  proportion  of  the  total  current  in  the  layers  where 
they  are  spin  t  (majority)  and,  say,  weakly  scattered,  as  well 
as  in  the  layers  where  they  are  spin  1  and  strongly  scattered, 
is  not  so  odd  as  it  could  appear  at  first  view.  As  a  matter  of 
fact,  in  the  limit  of  very  long  SDL  in  our  model,  the  spin- 
dependent  forces  arising  from  spin  accumulation  accelerate 
and  slow  down  the  electrons  in  such  a  way  that,  in  first 
approximation,  the  current  proportion  in  each  channel  does 
not  change  when  the  magnetization  flips.  Thus,  the  existence 
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of.  spin  accumulation  effects,  with  the  additional  hypothesis 
of  infinite  SDL,  is  the  hidden  basis  of  the  models  with  con¬ 
served  current  for  each  spin  direction.  It  is  therefore  probable 
that  there  are  many  common  features  with  the  predictions  of 
these  models*’"*^  and  what  we  predict  in  the  long  SDL  limit 
of  our  calculation  (in  spite  of  the  use  of  different  formalisms, 
Kubo,  Landauer,  or  Boltzmann). 


II.  MODEL  (REFS.  14  AND  15) 


We  present  shortly  the  model  which  is  described  in  detail 
in  Ref.  12.  The  starting  point  is  a  Boltzmann-like  equation  in 
which  we  introduce  the  following  distribution  function  for 
the  electrons  of  spin  s  (note  that,  throughout  the  article,  we 
refer  to  +  or  -  for  the  absolute  spin  directions  of  the  con¬ 
duction  electrons,  and  to  j  or  i  for  the  majority  and  minority 
spin  directions  in  the  magnetic  layers), 

/j(2.v)=/°(t;)+^{[/i‘’-/t,(z)]+g,(z,v)}.  (1) 


The  term  gi(z,v)  express  the  displacement  of  the  distri¬ 
bution  in  the  presence  of  current  and  the  term  accounts 
for  the  z  dependence  of  the  chemical  potential  related  to  spin 
accumulation  effects  [f^(v)  is  the  Fermi-Dirac  distribution]. 
We  obtain  for  the  linearized  Boltzmann  equation 


.  Aj(2)-A-i(2)\ 

^ — )■ 


(2) 


where  /i,(z)  =  /i,(z)-eV'(z)  is  the  electrochemical  potential 
for  spin  5,  and  (%*+t,"’)  =  (Ts)“'  and  are  the  relaxation 
rates  for  the  momentum  in  each  channel  and  for  the  spin 
polarization,  respectively.  In  the  low-temperature  limit,  we 
neglect  the  momentum  transfer  between  the  two  chahnels  by 
coherent  electron  magnon  scattering,  that  is,  in  the  usual  no¬ 
tation,  the  spin  mixing  term  (rfj'~Pf| ).’  Since  Tjf ,  related  to 
spin-fiip  scattering,  is  generally,  much  longer  than  the  mo¬ 
mentum  relaxation  time  involved  in  the  resistivity,  Xj/Tsf 
is  a  small  number.  At  the  lowest  order  in  rj/Tjf ,  one  obtains'^ 
the  macroscopic  equations  already  derived  by  Johnson  and 
Silsbee*’’  or  van  Son  and  co-workers,“ 


_as  ^/ij 

(3) 

e  dz  ' 

e  dJ,  (us-/i-s) 

(Ts  dz  ~  7^  ’ 

(4) 

where  is  the  cunent  density  for  spin,  s,  0^= 

n^e^T'Jm  is 

the  conductivity  for  the  spin  s  channel,  /j  is  the  SDL  for  spin 

s  defined  by 

Is=Vf[ T^f  *  -f  Tj  ' ) ■  ‘/3] *'2« y f ( rsfTj/3 ) 

(5) 

Equation  (3)  is  a  sort  of  Ohm  law  and  Eq.  (4)  expresses 
the  balance  between  spin  accumulation  by  the  current  Tver- 
gence  and  the  spin  relaxation  by  spin  flip.  Tl'.ese  equations 
lead  to  a  diffusion-type  equation  for  A/it=(/i+-yLi_)/2, 


FIG.  2.  Predicted  variation  of  the  CPP  resistance  of  a  multilayer  as  a  func¬ 
tion  of  the  number  of  bilayers  M  for  a  fixed  total  thickness  L  and  the  same 
individual  thickness  for  the  ferromagnetic  and  normal  layers, 
tf-ts=t=LI(2M).  The  calculation  is  performed  for  interface  spin  depen¬ 
dent  scattering  only  (f3=0). 


A/U 


where  /sV=/f  and  to  variations  as  exp(±z//sf)  for  A/r, 
for  the  currents  J+  and  J-  and  for  the  electric  field 
F=(2e)"'(?(/t+  +  p._)/(?2.  We  have  shown  in  Fig.  1  the 
variation  of  dkfi,J±,  and  F  for  an  isolated  interface.  In  mul¬ 
tilayers,  the  interference  between  successive  interfaces  gives 
rise  to  combinations  of  exp(±z//sf)  and  to  oscillations  with 
the  period  of  the  multilayered  structure.  Examples  are  given 
in  Fig.  2  of  Ref.  12.  In  the  limit  w  ere  the  SDL  l^f  is  much 
longer  than  the  layer  thicknesses  t,  the  amplitude  of  the  os¬ 
cillations  of  {J ^-J .)I{J ++J vanishes  as  (^//sf)^  which 
shows  that  the  assumption  of  conserved  currents  in  each 
channel  is  justified  in  this  limit. 

The  above  model  has  been  used  to  calculated  the  CPP 
resistance  and  the  CPP  MR  of  multilayers.  The  notation  is 
the  following.  The  resistivity  for  the  spin  T  or  spin  |  elec¬ 
trons  in  the  ferromagnetic  layers  is  written  as 

Pt(i)=;;^=2PF[i-(+)^].  (7) 

The  interface  resistance  due  to  diffuse  or  specular  scat¬ 
tering  at  interfaces  (see  Sec.  V)  and  involved  in  the  boundary 
conditions  for  /i(z)  [i.e.,  /i(0'*')-/ii(0")=r^j(0)/e]  is  writ¬ 
ten  as 

rj(i)=2rni-(  +  )r].  (8) 

The  notation  in  Eqs.  (7)  and  (8)  is  the  same  as  in  Refs.  4 
and  12: 2pf(j)(2r6 )  is  the  mean  value  of  the  spin  T  and  spin 
i  resistivities  (interface  resistances);  )3  and  y  are  the  spin 
asymmetry  parameters  which  give  rise  to  the  GMR.  The  in¬ 
terface  resistances'*’*^  are  introduced  to  express  the  enhanced 
scattering  in  an  interfacial  zone  that  is  supposed  to  Iv  infini¬ 
tesimally  thin  and  include  also  a  Landauer-type  condition 
induced  by  specular  reflections  (Ref.  20;  see  also  Sec.  IV). 
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For  a  unit  aiei  multilayer  composed  of  M  bilayers,  the 
following  resistance  is  finally  obtained  for  parallel  (P)  and 


antiparallel  (AP)  arrangements  of  the  magnetization  in  suc¬ 
cessive  layers: 


RifM)=M(r^+2rlf)  with  ro=(l-/?)V^i^+P^fv+2(l-y2)r,*, 


(P)-. 
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/  h  \ 
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J  \ 
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J  \ 

'(af) 

Sir 

Pf'sf 

““’(sr). 

(9) 


(10) 


(11) 


tp  (tfi)  are  the  thicknesses  and  SDL  of  the  magnetic 
(nonmagnetic)  layers.  Before  discussing  the  general  behavior 
expected  from  Eqs.  (9)-(ll)  in  Sec.  IV,  we  begin  by  consid¬ 
ering  the  long  SDL  limit  in  Sec.  III. 


III.  LONG  SPIN  DIFFUSION  LENGTH  LIMIT 


In  the  limit  l[P  >  ^  tv.  Eqs.  (9)-(ll)  lead  to 

simple  expressions  equivalent  to  those  derived  by  Pratt 
et  al*'^  to  account  for  most  of  their  experimental  data  on 
Co/Ag  and  Co/Cu  multilayers, 

R(^^^M{p*ptp^p*^ts+2rt),  (12) 


1  _i/ _ \ _ 

W  M\2p*p{l-p)tp+2p*^t,+Art{\-y) 


2pf(l  +  ^)tf+2pjv/A,+4r6(l  +  y) 


(13) 


^(^(AP)_;j(P))/j(AP),,^  p*l  +  2yrtM,  (14) 

tp+tn 

where  L  is  the  tota.  thickness  [L=M(tp+ti^)].  Alternatively 
these  expressions  are  also  obtained  in  a  two-channel  scheme 
where  the  resistance  of  each  channel  (+,-)  is  a  series  sum  of 
the  resistivity  times  the  layer  thickness  of  the  F  and  N  metals 
plus  the  sum  of  the  2M  interface  resistances,  as  ill  ....rated  by 
Fig.  3  in  Ref.  12  and  also  described  in  Refs.  4  and  5. 

In  Figs.  2  and  3,  we  show  examples  of  the  predicted 
variations  of  the  resistance  or  MR  with  M  for  a  fixed  total 
length  I.  In  Fig.  2,  for  tp=tff=L/2M  and  with  only  inter¬ 
facial  spin-dependent  scattering  (i.e.,  ;3=0),  is  a  linear 
function  of  A/;  on  the  other  hand  is  not  strictly  linear  but 
its  departure  from  a  linear  variation  is  significant  only  when 
the  contribution  from  interfaces  is  much  smaller  than  from 
scattering  inside  the  layers.  This  behavior  has  been  clearly 
characterized  in  extensive  measurements.'’’®  In  Fig.  3, 
[(^(AP)_^(p))^(AP)ji/2  jg  piQjfgj  versus  M,  again  for  a  fixed 
total  thickness  L  and  tp=tff=L/2M.  Such  a  plot,  exten¬ 
sively  used  in  the  analysis  of  experimental  results,"’’®  is  quite 


I - 

interesting  since  the  intercept  of  the  linear  variation  with  the 
vertical  axis  yields  the  bulk  asymmetry  parameter  while 
its  slope  gives  the  interface  asymmetry  parameter  y  {y  turns 
out  to  be  larger  than  ^  in  Co/Ag  and  Co/Cu).  All  these  linear 
variations  with  M  are  predicted  only  in  the  long  SDL  limit, 
that  is,  for  M>Lll^f,  and  for  finite  SDL  deviations  are  ex¬ 
pected  at  the  left-hand  side  of  the  dashed  vertical  line  in  Fig. 
3.  In  the  following  section  we  see  what  is  predicted  for 
shorter  SDL,  that  is,  when  the  dashed  vertical  line  comes 
into  the  experimental  range  of  M, 

IV.  CPR*MR  FOR  FINITE  SPIN  DIFFUSION  LENGTHS 

When  the  SDL  is  not  much  larger  than  the  individual 
layer  thicknesses,  the  simple  expressions  of  Sec.  Ill,  Eqs. 
(12)-(14),  are  no  longer  valid  and  we  must  come  back  to  the 
general  p"pression  of  Sec.  II,  Eqs.  (9)-(ll). 


M  =  L/2t 

FIG.  3.  is  plotted  as  a  function  of  the  number  of  bi¬ 

layers  M  for  a  fixed  total  thickness  L  and  the  same  individual  thickness  for 
the  ferromagnetic  and  normal  layer,  rf=f^=r=i/(2M).  The  solid  line  is 
the  linear  variation  expected  from  Eq.  (14)  for  the  limit  t<l^  or  M<Llt^ . 
For  Af<L//5f,  Eq.  (14)  is  no  longer  valid  and  ^(/;(A*’>-/{t‘’))u(''*’)drops  as 
exp(-tl4lJi~exp{-L/2Ml^)  (see  thin  solid  line). 
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(oUl  thickness  L  =  7200  A 


N  (  Number  of  blleyers  ) 


total  thickness  L  =  7200  A 


N  (  Number  of  bllnyers  ) 


effects  and  we  consider  only  the  problem  of  the  SDL  in  the 
normal  layers].  The  simplest  situation  is  when  impurities 
with  strong  spin-orbit  coupling  are  introduced  in  the  layers. 
Very  efficient  impurities  should  be  5d  (or  even  Ad)  elements 
as,  (i)  their  d  states  are  strongly  mixed  with  the  conduction 
states,  (ii)  the  spin  orbit  is  strong  for  5d  states.  The  contri¬ 
bution  to  the  spin-flip  relaxation  rate  of  the  conduction  elec¬ 
trons  can  be  written  as^* 

(r5°=407r(Xrf/A)^  sin^(7rZrf/10)/A:|, 

where  Nj  is  the  impurity  concentration,  the  spin-orbit 
constant  of  the  d  states,  A  the  width  of  the  d  virtual  bound 
state,  and  the  number  of  d  electrons  on  the  impurity.  We 
have  estimated^  that  6%  of  Pt  in  Ag  should  reduce  the  SDL 
to  about  30  A. 

Another  possibility  is  to  induce  spinjelaxation  by  add¬ 
ing  some  paramagnetic  impurities. 

By  adding  Mn  impurities  in  the  nonmagnetic  layers  of 
G)/Ag  and  Co/Cu  multilayers  to  shorten  Bass  et  al.^ 
have  been  able  to  observe  clearly  the  reduction  of  the 
CPP-MR  and  the  departure  from  a  linear  variation  with  the 
number  of  bilayers.  We  refer  to  Figs.  4  in  Ref.  3  for  a  fit  of 
our  theoretical  expressions  with  experimental  data.  The 
shortening  of  the  SDL  by  Mn  impurities  has  been  calculated 
by  one  of  us  (A.F.).^  It  turns  out  that  a  few  at  %  of  Mn  are 
predicted  to  shorten  the  SDL  significantly,  in  agreement  with 
the  experimental  results. 


FIG.  4.  is  plotted  as  a  function  of  the  number  of  bi¬ 

layers  M  for  several  values  of  the  SDL  [see  values  of  (AgMn) 
indicated  in  the  figure]  and  a  constant  value  of  /[f*  (/,((Co)=2000  A].  The 
total  thickness  L  is  fixed:  (a)  =60  A,  t^=LIM-tp ;  (b)  tf=t^=L/2M. 
The  parameters  of  the  calculations  are  those  derived  from  Co/AgMn  (Ref. 
5),  i.e.,  pjv=15  pH  cm,  pf='’  fdlcm,  rj=0.67  fflm^  /3=0.41,  ■y=0.83. 
For  comparison  with  experimental  results,  see  Bass  et  at.  (Ref.  5). 


In  Fig.  4,  for  a  multilayer  with  a  fixed  total  thickness  L, 
we  show  the  curves  of  versus  the  num¬ 

ber  of  bilayers  M  calculated  for  several  values  of  ^ .  Fig¬ 
ure  4(a)  is  for  tf  =60  A,  tfi=LIM-tf,  and  Fig.  4(b)  for 
tp=tf,=LI2M.  For  the  calculation  from  Eqs.  (9)-(ll),  we 
have  used  the  parameters  pjj,  pp,  r^,  0,  y  derived  by  Bass 
etal.^  from  the  analysis  of  experimental  results  on  Co/ 
AgMn. 

For /(f)  =  00, we  observe  the  linear  variation  expected  for 
this  limit  from  Eq.  (14)  and  already  represented  in  Fig.  3. 
When  /(f)  is  shortened,  the  CPP-MR  is  dramatically  reduced 
and  departs  strongly  from  a  linear  variation  with  M.  As  ex¬ 
pected,  the  MR  is  practically  reduced  to  zero  at  small  values 
of  Af ,  that  is  for  >  /^f)  -  It  can  be  shown  from  Eqs.  (9)-(ll) 
that  [(/?(AP)_j^(P))(AP)ji/2  yajygg  of  A/  as 

exp(  -  I/A//(f))in  Fig.  4(a)  and  as  exp(  -  I/2Af/(f))  in  Fig. 
4(b),  and  catches  up  with  the  linear  variaf  jn  of  the  long  spin 
diffusion  length  limit  for  M  I//(f)(i.e.,  <  /(f)). 

There  are  several  ways  to  shorten  the  SDL  in  the  non¬ 
magnetic  layers  and  test  the  theory  [as  seen  easily  from  Eqs. 
(9)-(ll),  the  SDL  in  the  magnetic  layers  has  less  important 


V.  SPIN-DEPENDENT  INTERFACE  RESISTANCES 

The  spin-dependent  interface  resistances  involved  in  our 
model,  see  Eq.  (8),  can  be  due,  either  to  specular  reflections 
and  refractions  by  perfect  interfaces  or,  in  addition,  to  diffuse 
scattering  by  the  roughness  (disorder)  of  the  interfaces.  It 
would  be  of  great  interest  to  know  the  relative  importance  of 
these  two  contributions  to  the  interfaces  resistances  and  also 
their  respective  spin  dependencies.  In  addition,  it  happens 
that  the  specular  reflections  do  not  contribute  directly  to  the 
CIP-MR,"'^^  so  that  a  predominant  contribution  from  specu¬ 
lar  reflections  to  the  CPP-MR  would  mean  that  CIP-  and 
CPP-MR  have  different  microscopic  origins. 

IVo  of  us  (J.B.  and  A.F.)  have  calculated  the  interface 
resistances  induced  by  the  electron  reflection  and  refraction 
at  spin-dependent  potential  steps  (perfect  interfaces)  between 
layers.^'*  The  potential  steps  are  of  the  form 

0  for  x<0  (nonmagnetic  layer), 

U„  for  x>0  (magnetic  layer), 

where  U„  (o-=T,J.)  are  constants.  The  electrons  are  free  elec¬ 
trons,  and  their  Fermi  energy  is  for  x < 0  and  Ep-U^fox 
x>0  and  spin  cr.  The  reflection  and  refraction  coefficients 
are  calculated  by  using  the  expressions  given,  for  example, 
by  Hood  and  Falicov^^  and  the  interfaces  resistances  are  cal¬ 
culated  in  the  Landautr  formalism.^  This  leads^  to  an  ex¬ 
pression  of  the  interface  resistance  that  we  do  not  reproduce 
here.  A  plot  of  as  a  function  of  UJEp  for  U„>0  is 
shown  in  Fig.  5.  As  expected  r„  starts  from  zero  for  f/<,=0 
and  diverges  as  tends  io  Ep.  The  experimental  data 
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FIG.  5.  Interface  resistance  r„  vs  VJEf  [from  Bamas  and  Fert  (Ref.  22)]. 

found  in  Refs.  4  and  5  are  rj=2.08  fflm^  and  rj=0.17 
ffl  for  Co/Ag,  and  rj=1.76  fH  cm^  and  rj  =0.24  ffl 
for  Co/Cu  multilayers.  As  can  be  seen  from  Fig.  5,  the  higher 
resistances,  ri=2M  ffl  m^  in  Co/Ag  and,rj  =  1.76  ffl  m^  in 
Co/Cu,  can  be  accounted  for  by  assuming  reasonable  values 
of  f/|/£f  around  0.4  (in  a  free-electron  model  for  s  electrons 
in  Co,  Cu,  and  Ag,  Ui/Ep=0A  could  be  obtained,  for  ex¬ 
ample,  by  assuming  0.5  s  electrons  per  atom  and  spin  direc¬ 
tion  in  Cu  or  Ag  and  0.23  minority  spin  s  in  Co).  The  smaller 
values  for  rj  correspond  to  values  of  U^/Ep  of  the  order  of 
only  0.03,  i.e.,  to  a  not  very  different  number  of  s  electrons 
in  Co,  Cu,  and  Ag  for  this  spin  direction.  Qualitatively,  the 
high  value  of  the  ratio  r^/r^  can  be  supposed  to  follow  from 
the  contrast  between  a  good  fit  of  the  5  bands  of  Co,  Cu,  and 
Ag  for  one  spin  direction  and  bad  mismatch  of  the  bands  for 
the  other  spin  direction. 

An  additional  contribution  to  the  interface  resistance  can 
arise  from  diffusive  scattering  by  interface  disorder.  Can  this 
contribution  be  important?  Let  us  consider  a  disordered  in¬ 
terfacial  layer  of  thickness  4  A  with  the  typical  high  resistiv¬ 
ity  of  an  amorphous  alloy  of  4  fxil  m  in  each  spin  channel  (2 
/iQ  m  is  a  typical  value  of  the  resistivity  for  amorphous  al¬ 
loys  containing  transition  metals,  which  gives  4  /ifl  m  for 
each  spin  channel).  Writing  r„=p„l  with  /=4X10“*“  m  and 
p^=4  /jtilm  one  obtains  r„=1.6  fflm^.  We  thus  find  that 
scattering  by  interface  roughness  can  also  contribute  signifi¬ 
cantly  to  the  interface  resistance. 

VI.  CONCLUSIONS 

We  have  reviewed  some  of  the  main  problems  raised  by 
CPP-MR  experiments;  the  specific  role  of  the  spin  accumu¬ 
lation  and  relaxation  effects  in  the  CPP  geometry,  the  impor¬ 
tance  of  the  spin  diffusion  length  as  the  scaling  length  of  the 
problem,  and  the  origin  of  the  spin-dependent  interface  re¬ 
sistances.  Up  to  now,  most  experiments  have  been  performed 
in  the  long  spin  diffusion  length  limit,  with  the  great  advan¬ 
tage  of  a  simple  and  fruitful  analysis  of  the  experimental 
results.^"®  The  experiments  on  multilayers  doped  by  Mn  re¬ 
ported  by  Bass  et  al^  at  this  conference  represent  certainly  a 


new  interesting  direction  for  the  investigation  of  spin  relax¬ 
ation  processes.  Measurements  as  a  function  of  temperature, 
which  have  been  performed  so  far  only  by  Gijs  and 
co-workers®  should  also  raise  interesting  problems  related  to 
the  scattering  by  spin  fluctuations. 
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A  technique  is  described  for  isolating  effects  of  finite  spin  diffusion  lengths  oh  the 
maghetoresistante  (MR)  of  magnetic  multilayers  at  low  temperatures  by  measuring  the  MR  with  the 
current  perpendicular -to  the  layer  planes.  Applying  this  technique  to  relatively  concentrated  Co/ 

AgMh  and  Go/CuMn  multilayers  yields  largeseffects,  generally  consistent  with  expectations  from  a 
'  theory *by  Valet'and  Fert  [Phys.  Rev.  B  48,  7099  (1993)].  However,  some  complicating  issues  still 
need  to  be  resolved. 


I.  INTRODUCTION 

Several  magnetic  multilayers  composed  of  alternating 
thin  la'-'ers  of  ferromagnetic  (F)  and  nonmagnetic  (N)  metals 
display  large  decreases  in  electrical  resistance  with  increas¬ 
ing  magnetic  field  This  phenomenon,  cabled  giant  mag¬ 
netoresistance  (GMR),  is  of  both  scientific  and  technological 
interest.^  To  fully  understand  GMR,  we  must  understand  how 
it  depends  upon  all  of  the  different  kinds  of  scattering  that 
electrons  experience  in  bulk  F  and  N  metals  and  at  F/N 
interfaces.^”'  In  this  article,  we  focus  upon  spin-flip  scatter¬ 
ing  in  the  N  metal  at  low  temperatures. 

At  low  temperatures,  electron  scattering  in  magnetic 
multilayers  is  dominated  by  elastic  scattering  at  the  F/N  in¬ 
terfaces  and  from  impurities  in  the  F  and  N  metals.  The 
direction  of  an  electron’s  spin  then  usually  stays  fixed  as  the 
electron  traverses  the  multilayer.  This  means  that  the  quan¬ 
tity  of  interest  in  the  present  paper,  the  electron  spin  diffu¬ 
sion  length  /jf,  is  much  longer  than  the  structural  lengths  of 
the  multilayer:  F-layer  thickness  tp!  N-layer  thickness  Ipj; 
and  bilayer  thickness,  A^tp+tf^. 

Most  GMR  analyses  to  date  have  neglected  spin-flip 
scattering.  This  assumption  is  valid  at  low  temperatures  for 
pure-metal-based  multilayers,  but  becomes  less  valid  as  the 
temperature  rises,  because  electron-magnon  scattering, 
which  flips  spins,  grows  with  increasing  temperature.  Since 
most  technological  applications  of  GMR  will  occur  at  room 
temperature,  it  seems  clear  (hat  we  need  to  understand  effects 
of  spin-flip  scattering  to  fully  understand  GMR. 

Observed  variations  of  both  the  traditional  MR  with 
current  flow  in  the  layer  planes  (CIP  MR)*  and  the  MR  with 
current  flow  perpendicular  to  the  layer  planes  (CPP  MR)^ 
have  been  taken  as  evidence  for  scattering  (including  spin- 
flip  scattering)  of  electrons  by  thermally  excited  magnons. 
However,  the  temperature  dependence  of  GMR  is  a  complex 
phenomenon,®  from  which  it  is  difficult  to  extract  informa¬ 
tion  about  spin-flip  scattering. 

This  difficulty  stimulated  us  to  look  for  effects  of  spin 
flip  scattering  on  the  GMR  at  low  temperatures.  We  first 
briefly  explain  why  we  use  the  CPP  MR  instead  of  the  more 
traditional  CIP  MR. 

The  CIP  MR  has  the  advantage  of  being  much  easier  to 
measure,  since  the  typical  CIP  resistance  is  fl.  But  the 
CIP  MR  contains  several  unknown  parameters,**  and  its  be¬ 
havior  at  low  temperatures  is  dominated  by  the  (elastic) 


mean-free-path  for  momentum  transfer,  Xd,®  which  is  not 
what  we  wish  to  investigate  here.  The  dominant  effect  on  the 
CIP  MR  of  adding  impurities  that.flip  spins  is  to  change  Xd, 
making  it  difficult  to  isolate  any  effects  due  to  spin  flip  scat¬ 
tering  alone.  In  addition,  the  CIP  MR  is  affected  only  by 
those  spin-flip  scattering  events  that  transfer  momentum  be¬ 
tween  spin  up  and  spin  down  electrons,  and  these  events  are 
negligible  at  low  temperatures.  The  particular  quantity  of 
present  interest,  4(,  measures  the  relaxation  of  spin  accumu¬ 
lation  at  interfaces,  which  occurs  in  the  CPP-MR,**~*^  but 
not  in  the  CIP  MR.  Thus,  4f  does  not  play  a  role  in  the  CIP 
MR  and  cannot  be  isolated  by  measuring  the  CIP  MR. 

The  CPP  MR,  in  contrast,  is  harder  to  measure,  with 
either  very  small  resistances  >=“10"’  Cl,  or  the  need  to  make 
very  small  samples  by  lithographic  patterning.^  But  it  has  the 
advantage  that  when  4f  is  large,  X^  is  not  a  characteristic 
length  in  the  CPP  MR.  The  only  characteristic  length  is 
4f.*‘’’’^  The  expressions  for  the  CPP  MR  then  become  simple, 
as  we  and  others  have  shown."’**’*'*  In  this  paper  we  show 
how  combining  a  particular  set  of  measured  quantities  asso¬ 
ciated  with  the  CPP  MR  lets  us  isolate  just  those  effects  due 
specifically  to  the  reduction  of  4f.  We  could  reduce  4(  either 
by  adding  a  strong  spin  orbit  interaction  via  a  very  heavy 
impurity  such  as  Au  or  Pt,  or  by  adding  a  strong  spin-spin 
interaction  via  an  impurity  with  a  local  moment,  such  as  Mn. 
In  this  paper  we  examine  data  for  both  Co/AgMn  and  Co/ 
CuMn. 


II.  SAMPLES 

Each  of  our  CPP  MR  samples  consists  of  a  sputtered 
multilayer  of  interest  sandwiched  between  two  >=“l.l-mm- 
wide  crossed-superconducting  Nb  strips  with  area  of  overlap 
A  =“1.2  mm*.  A  known  cunent  is  fed  into  one  Nb  strip  and 
taken  out  of  the  other,  and  the  resulting  potential  difference 
between  the  two  Nb  strips  is  determined.  Details  of  our  tech¬ 
niques  for  preparing  samples,  characterizing  them,  and  si¬ 
multaneously  measuring  the  CPP  MR  and  the  CIP  MR  are 
given  elsewhere.*  We  assume  that  our  samples  are  best  de¬ 
scribed  as  multilayers,  although  it  has  been  suggested  that 
sputtered  metal-metal  multilayers  such  as  ours  are  better 
characterized  as  anisotropic  inhomogeneous  alloys.*® 

For  brevity,  we  limit  ourselves  to:  (a)  the  CPP  MR;  (b) 
samples  with  fixed  total  thickness  tf=NA  as  close  as  pos- 
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sible  tp;720  nm:{^;is.&e;na^  in  a  sample); 

and  (c)  samples  with  fixed  ip  (=ico)=6  nni-  To  avoid  prox¬ 
imity  effects  with  the  superconducting  Mb  current  and  poten¬ 
tial  leads,  Co  layers  were  sputtered  on  both  sides  of  the  new 
AgMn  and  CiiMn  multilayers,  which  thus  consisted  of  N 
bilayers  plus  one  extra  Co  layer.  To  avoid  complications  due 
to  oscillating  interactions  between  F  layers  as  changes,  we 
only  examine  samples  with  tfi^6  nm,  which  is  beyond  the 
range  of  oscillating  MRs,‘  and  large  enough  so  that  exchange 
interactions  between  F  layers  should  be  small.  Mn  was  cho¬ 
sen  because  we  had  appropriate  targets  available,  and  expe¬ 
rience  in  sputtering  both  AgMn  and  CuMn  for  studies  of 
finite  size  effects  in  spin  glasses.*’  Fairly  large  Mn  concen¬ 
trations  were  chosen  to  maximize  the  chance  of  seeing  an 
effect  since,  as  we  see  below,  the  estimates  for  Zjf  are  uncer¬ 
tain. 

III.  TWO-CHANNEL  MODELS 
A.  /^~lnfinlty 

We*^  and  others**’*'*  have  argued  that  when  /sf>lct.A 
(i.e.,  spin-flip  scattering  is  negligible),  the  total  CPP  resis¬ 
tance  times  sample  area  ARf  can  be  well  described  by  a 
model  in  which  electrons  are  divided  into  two  channels,  up 
(+)  and  down  (-)  relative  to  the  direction  of  the  applied 
field  H,  which  carry  current  independently.  The  A/?p  in  each 
channel  (+,-)  is  simply  a  series  sum  of  the  resistivities 
times  total  layer  thicknesses  of  the  F  and  N  metals  plus  the 
sum  of  the  area  times  interface  resistances  of  the  F/N  inter¬ 
faces.  Schematically,  we  thus  have  for  each  channel  an  ex¬ 
pression  of  the  form 

Ai?(+’->=2A/?s/F+(A+l)pi,+*“VApN<N 

+  (1) 

where  the  term  lAR^fp  accounts  for  the  interface  resistances 
between  the  superconducting  (S)  Nb  cunent  leads  and  the 
(F)  Co  boundaries  at  the  two  ends  of  the  samples,**  We  as¬ 
sume  that  this  additional  term  is  spin  independent.  For  ease 
of  presentation,  we  neglect  the  difference  between  N  and 
W+1  in  equations  that  follow. 

In  the  standard  models  for  the  CIP  MR  and  CPP  MR  of 
magnetic  multilayers,  the  largest  resistance  occurs  when  the 
magnetizations  Mi  of  neighboring  F  layers  are  oriented  an¬ 
tiparallel  (AP)  to  each  other,  and  the  smallest  when  they  are 
oriented  parallel  (P).  We  thus  focus  upon  the.se  two  limiting 
cases. 

We  define  pt=2pF/(l+)3)  to  be  the  resistivity  of  a  F 
layer  when  the  electron  spin  and  the  local  Mi  are  parallel  to 
each  other,  and  pi=2pf/il-0)  to  be  the  resistivity  when 
they  are  antiparallel.  Here  pp  is  the  F  resistivity  measured  on 
independent  thin  F  films  or  sandwiches.**  Similarly,  we  take 
/?T  =  (2i?F/N)/(l+y)  tmdRi  =  (2Rf^)/{l~  y). 

In  the  AP  state  (A/=0)  we  expect,  by  symmetry,  that 
AR^*^=AR^~\  Since  the  resistances  of  the  (+)  and  (-) 
channels  add  in  parallel,  ARj-  should  be  just  one-half  of  these 
equal  values.  Continuing  to  neglect  differences  between  N 
and  JV+1,  we  find** 

ARj{AiP)  =  2ARsif+N[{pftf)+pfitii+2ARf/f;i],  (2a) 
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where  f^=pp/(l-^)  and  R^,t,=Rj:^{l—^). 

For  fixed  tj  and  tj,,  we  use  the  relation  tT=Ntf:+Ntif  tp 
eliminate  ffj  from  (2a), 

ARx(AP)=2ARsfF+  PtitT+N[(.Pf  - pN)tf+2ARf/f^].  (2b) 

Plotting  ARfiAP)  vs  N  should  thus  give  a  straight  line 
with  ordinate  intercept  2ARs/f’*  Pn^n  slope 

(/^“Pn)  2ARf^/co  hss  been  separately  mea¬ 

sured  to  be  ^6fil  m*,**  and  pp,  can  be  calculated  for  a 
known  impurity  concentration*®  and  also  directly  measured 
on  300-5()0-nm-thick  sputtered  films.  The  intercept  can  thus 
be  independently  determined,  and  the  only  unknowns  in  Eq. 
(2b)  are  pp  and  Rf/s-  These  two  quantities  can  be  deter¬ 
mined  by  also  measuring  ARxiAF)  for  a  series  of  samples 
with  fixed  tf  and  We  have  published  such  measure¬ 
ments  for  Co/Ag,  Co/AgSn,  and  Co/Cu.**’**’** 

In  the  (P)  state  M=M^,  in  contrast,  spin  + 

and  spin  -  electrons  behave  differently.  Here,  we  showed** 
that  adding  their  resistances  in  parallel  and  rearranging  gives 

A/?j.(P)  =AR7(  AP)  -Ar*()3p^rp+  2yA/??/N)'/[A^r(AP)]. 

(3) 

Equation  (3)  can  be  rewritten  to  yield  the  important  linear 
relationship** 

A^Rr{A?)[RT{AP)-Rri?)]=N[l3pltx+2yARl/ti].  (4) 

The  right-hand  side  of  Eq.  (4)  is  independent  of  p^  and  also 
of  tf  (except  through  N).  For  samples  with  fixed  tp,  a  plot  of 
the  experimentally  determined  left-hand-side  of  Eq.  (4)  ver¬ 
sus  N  should  yield  a  straight  line  through  the  origin.  For 
samples  with  a  similar  plot  should  yield  a  straight 

line  with  slope  proportional  to  y  and  ordinate  intercept  pro¬ 
portional  to  /3.  Equation  (4)  thus  allows  independent  deter¬ 
minations  of  y  and  once  pp  and  Rp/N  have  been  found 
from  Eq.  (2). 

For  fixed  tp,  if  we  modify  p^  by  adding  only  a  few 
percent  impurities  to  the  N  metal,  so  that  the  parameters  on 
the  right-hand  side  of  Eq,  (4)  do  not  change,  then  the  slope 
of  the  line  passing  through  the  origin  should  also  not  change. 
This  property  makes  Eq.  (4)  ideal  for  testing  for  effects  of 
finite  /jf,  since  simply  adding  elastic  scattering  impurities  to 
the  N  metal  should  not  move  data  points  off  this  line.  Re¬ 
ducing  /sf,  in  contrast,  should  decrease  the  difference  be¬ 
tween  AR7-(AP)  and  ARj{?),  via  spin  relaxation,**  spin 
mixing,**  or  both.  The  signature  of  a  finite  will  be  data 
that  fall  farther  below  the  line  from  Eq.  (4)  as  N  decreases 
(i.e.,  tii  increases). 

B.  Finite  1^ 

Formal  equations  for  AR(AP)  and  AR(P)  for  finite 
were  recently  derived  by  Valet  and  Fert,*'*  and  are  repeated  as 
Eqs.  (9)-(ll)  in  the  preceding  paper  by  Fert  and  co-workers 
in  the  present  volume.**  Strictly,  these  equations  contain  two 
different  spin-dependent  diffusion  lengths,  and  Zff,  for  the 
N  and  F  metals;  but,  inserting  typical  values  for  the  various 
parameters  shows  that  the  data  are  insensitive  to  Zsf — i-e.,  /ff 
must  be  ^1  nm  to  measurably  change  Eq.  (4).  It  is  thus  iff 
that  is  of  primary  interest,  and  that  we  try  to  reduce  in  these 
experiments. 
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TABLE  I.  Estimated  parameters  for  Co/AgMn  and  Co/CuMn. 


Alloy 

Co/AgMn  (9  at.  %) 

Q)/CuMn  (7  at.  %) 

Xe,  (nm)* 

5.6 

Z1 

Xjf  (nm)'’ 

«=<90 

«»24 

'S=V(Xe,Xrf)/6 

~9 

«a3 

•The  estimatesifor  \ji  were  obtained  by  combining  the  ftee-electron  equa¬ 
tions  (Ref.  25),  Xei=836  nm/p(nn  m)  for  Ag  and  Xji=656  nm/p(nn  m)  for 
Cu,  with  values  for  the  alloy  residual  resistivities  estimated  from  the  in¬ 
tended  impurity  concentrations  and  the  resistivities  per  at.  %  impurity  given 
in  Ref.  19.  Independent  measurements  of  the  residual  resistivities  of  sput¬ 
tered  300-  or  '500-nm-thick  films  are  consistent  with  these  estimates  for 
AgSn,  AgMn,  and  CuMn. 

'The  estimates  of  the  spin-flip  mean  free  path  X,f  for  A^n  and  CuMn  are 
based  on  calculations  by  Pert  (Ref.  22)  using  available  inforrnation  about 
exchange  coupling  in  these  alloys.  Interactions  between  the  Mo  impurities 
might  lead  to  actual  values  for  X^f  and  I,,  larger  than  these  estimates. 


As  noted  above,  we  chose  to  test  our  procedure  by  using 
the  magnetic  impurity  Mn.  Estimates  of  for  scattering 
from  noninteracting  Mn  impurities  in  AgMn  and  CuMn  re¬ 
quire  a  complex  analysis,  which  was  kindly  performed  by 
Fert.“  The  actual  values  of  for  our  AgMn  and  CuMn 
alloys  could  be  larger  than  these  estimates  because,  at  the 
low  temperature  (4.2  K)  where  our  measurements  are  made, 
interactions  between  the  dilute  magnetic  Mn  ions  yield  a 
complex  coherent  state  called  a  spin  glass  (SG).  Below  its 
“spin-freezing  temperature,”  this  coherent  state  may  well 
cause  less  spin-flip  sputtering  than  for  noninteracting  impu¬ 
rities.  Unfortunately,  we  do  not  understand  the  SG  state  well 
enough  to  predict  how  much  might  increase.  The  bulk 
spin-freezing  temperatures  in  our  samples  are  about  38  K  for 
7  at.  %  Mn  in  Cu  and  28  K  for  9  at.  %  Mn  in  Ag.  Even 
corrected  for  finite  size  effects,*’  the  temperatures  for  our 
thinnest  SG  layers  (In =6  nm)  are  still  well  above  4.2  K. 

Finally,  we  note  that  the  Valet  and  Fert  equations  are 
strictly  valid  only  when  whereas  in  our  samples 

/s(’=“lei  (Table  I).  We  thus  do  not  expect  detailed  quantitative 
agreement  with  our  AgMn  and  CuMn  data,  which  would 
require,  among  other  things,  including  an  extra  term,*'*  the 
magnitude  of  which  has  not  yet  been  estimated. 


IV.  DATA  AND  ANALYSIS 

We  begin  by  showing  that  adding  Mn  does  not  qualita¬ 
tively  change  the  H  dependence  of  our  data.  Figure  1  shows 
the  field  dependencies  of  ARj{H)-ARj{Hs)  for  (6  nm/6 
nm)  multilayers  of  Co/Ag,  Co/AgMn,  and  Co/AgSn,  all  mea¬ 
sured  in  our  standard  CPP  system,  which  goes  only  up  to 
H=1  kOe.  The  three  data  sets  are  similar  in  form:  the  CPP 
MR  is  largest  in  the  initially  prepared  state — designated 
Hq — decreases  until  is  reached,  and  then  cycles  through 

the  curves  shown,  with  maximum  values  at  the  peak  field 
Hp .  The  values  of  Hp  are  also  not  much  different  for  the 
three  samples,  suggesting  similar  magnetic  couplings  (or  ab¬ 
sence  thereof)  between  F  layers.  Since  the  AF  state  is  natu¬ 
rally  associated  with  the  largest  value  ofARj{H),  we  limited 
our  previous  analyses  of  Co/Ag,  Co/AgSn,  and  Co/Cu  to 
for  similar  reasons  we  limit  ourselves  here  to  Hq, 
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FIG.  1.  ARi{H)-ARj(H,)  vs  H  for  (6  nm/6  nm)  Co/Ag,  Co/AgSn,  and 
Co/AgMn  multilayers  with  similar  values  of  Hp.  Values  of  Hp  for  nominally 
identical  multilayers  can  vary  by  ~50%.  The  curves  through  the  data  are 
simply  computer  drawn  guides  to  the  eye. 

also.  Using  Hp ,  instead,  does  not  change  any  of  the  conclu¬ 
sions  we  reach,  but  there  are  quantitative  differences  that  we 
will  discuss  elsewhere.’^ 

We  examine  next  whether  the  values  of  ARi{Ho)  for 
different  impurities  are  consistent  with  Eq.  (2b).  In  Fig.  2  we 
plotA/?j-(//o)  aniiARj{Hp)  versus  the  number  of  bilayers  W 
for  our  three  Ag-based  multilayers  for  fixed  fco=6  nm.  The 
AR^Hq)  data  for  Co/Ag  and  Co/AgSn  fall  close  to  straight 
lines,  as  predicted  by  Eq.  (2b).  Within  their  =»10%  scatter, 
the  ARj{Ho)  data  for  Co/AgMn  are  consistent  either  with 
the  straight-line  prediction  in  Eq.  (2b)  or  with  the  slight  cur¬ 
vature  predicted  by  Eq.  (10)  from  Ref.  21  (upper  dashed 
curve  in  Fig.  2).  With‘either  linear  or  curved  extrapolations, 
the  ordinate  intercepts  for  these  and  the  d^i-based  multilayers 
are  all  consistent  to  within  experimental  uncertainties  with 
independently  measured  values  of  2ARi^ico+Pnh-^  As  ex¬ 
pected,  the  values  of  ARj{Hs)  fall  below  those  for 
ARj{Ho).  As  also  expected,  the  fits  to  the  Co/AgMn  data  are 
not  as  good  as  those  to  the  Co/Ag  and  Co/AgSn  data.  It  is 
not  obvious  from  Fig.  2  alone  which,  if  any,  of  the  data  sets 
involved  reduced 

To  isolate  effects  of  reduced  /^,  we  examine  the  square- 
root  quantity  of  Eq.  (4).  As  a  reference  against  which  to 
compare  our  data.  Fig.  3  shows  the  predictions  for  this 
square  root  from  the  Valet  and  Fert  equations  for  a  range  of 
values  of  /^.  In  Fig.  3  we  have  used  the  parameters  for 
Co/Ag,“  except  that  we  have  taken  Pn=15  /xftem,  appro- 
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FIG.  2.  ARj{Ho)  (solid  symbols)  and  AR]{H,)  (open  symbols)  vs  bilayer 
number  N  for  Co/Ag  (circles),  Co/AgSn  (squares),  and  Q>/AgMn  (dia¬ 
monds)  multilayers  with  fixed  tco=6  nm  and  1^-120  nm.  The  broken 
Co/Ag  curves  and  solid  Co/AgSn  curves  are  fits  to  Eqs.  (2b)  and  (3);  the 
downwaid  curvature  at  small  N  for  Co/Ag  comes  from  corrections  because 
these  samples  did  not  have  a  covering  Co  layer  under  the  top  Nb  strip.  The 
dashed  Co/AgMn  curves  are  fits  to  Eqs.  (9)-(ll)  of  Ref.  21.  We  do  not 
expect  the  Co/AgMn  fits  to  be  as  good  as  those  for  Co/Ag  and  Co/AgSn. 


priate  to  our  Ag-Mn-alloy  multilayers.  The  fit  is  not  sensitive 
to  the  Co/Ag  parameters;  an  alternative  set  for  Co/AgSn 
(Ref.  20)  yields  nearly  indistinguishable  predictions  [e.g., 
compare  Fig.  3  with  Fig.  4(a)  of  Ref.  21].  Smaller  values  of 
Pn  lead  to  larger  deviations  from  the  straight  lines,  and  larger 


FIG.  3.  \lARj{Ho)[ARj(Ho)-ARj{H,)]  vs  bilayer  number  N  calculated 
using  Eqs.  (9)-(ll)  from  Ret.  21.  TTie  line  labeled  » indicates  the  fit  to  Eq. 
(4)  with  the  parameters  for  Co/Ag.  The  solid  curves  were  calculated  for  the 
indicated  values  of  /5  using  these  same  parameters  and  assuming  pn=  150 
nflm.  To  show  the  effect  of  varying  p^,  the  dashed  curves  for  /S=b  nm 
were  calculated  for  Pn=80  and  300  nO  m  as  indicated. 


FIG.  4.  (a)  ^|AR1{Ho)[ARJ^Ho)-  vs  N  for  the  data  of  Fig.  2. 

The  curve  through  the  AgMn  data  is  for  /[}=?  nm.  Some  important  error 
bars  are  shown;  for  larger  values  of  the  square  root  the  uncertainties  are 
dominated  by  geometric  uncertainties  that  are  —  ±4%  of  the  ordinate  value, 
(b)  ^]AR^(Ho)^ARAHo)  -ARAH,)]  vs  N  for  Co/Cu  and  Co/CuMn.  The 
curve  through  the  CuMn  data  is  for  /^=2.8  nm. 


values  to  somewhat  smaller  deviations;  but,  as  illu.strated  by 
the  alternative  curves  for  /^=6  nm,  these  differences  are 
modest,  so  that  the  curves  in  Fig.  3  fairly  describe  what  we 
expect  for  our  samples.  If  the  true  values  of  for  AgMn  and 
CuMn  lie  near  the  estimated  lower  bounds  for  given  in 
Table  1,  then  we  expect  the  Co/AgMn  and  C!o/C;u^  data  to 
fall  well  below  the  respective  Co/Ag  or  C!o/Cu  lines. 

Figure  4(a)  shows  the  data  for  our  three  Ag-based 
multilayer  sets  plotted  in  the  form  of  Eq.  (4).  As  shown 
previously, to  within  experimental  uncertainties  and 
variations  among  samples  from  different  sputtering  runs,  the 
Co/Ag  and  Co/AgSn  data  are  consistent  with  a  single  straight 
line  through  the  origin.  The  (^/AgMn  data,  in  contrast,  fall 
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well  l)elow-  the  line,-  -Md  -display  the  .exp^ed  larger  Ac¬ 
tional  deviations  from  the  line  as  AT— >0.  Figure  4(b)  shows 
similar  data  for  Co/Cu  and  Co/CuMn.  Again,  the  Co/Cu  data 
fall  on  a  straight  line,^  and  the  Co/CiiMn  data  fall  well' 
below  this  line,  deviating  more  from  the  line  as  N-*0.  The 
curves  through  the  Co/AgMn  and  Co/CuMn  data  are  calcu¬ 
lated  using  the  Fert  and  Valet  equations  with  the  values  of 
indicated  on  the  graphs;;  Given  ,  that  our  data  do  not  satisfy 
the  validity  condition  ./j^Xeiifor  these  equations,  these  val¬ 
ues  are  surprisingly,  close  tOithejestimates  of, Table  I. 

The  data  in  FigS;-4(a)r,and  .4(b)  for  Cp/AgMn  and  Co/ 
CuMn  are  consistent  with  the  predictions,  from  the  equations 
of  Valet  and  Fert  with  reasonable,  values  for  /rf.;We  conclude 
by  briefly  examining  whether  these  behaviors  could  be  due 
to  other  causes. 

One  possibility  is  that  the  couplings  between  F  layers 
might  be  more  fen’omagnetic  with  SG  interlayers,  leading  to 
reduced  values  of  the  square  root  in  Eq.  (4).  If  so,  we  would 
expect  to  see  differences  jn  the  hysteresis  curves  for  multi¬ 
layers  with  the  different  ,N  metds.  To  check  this  possibility, 
we  measured  the  saturation  ^magnetizations  and  the  coercive 
fields  He  for  Co/Ag,  Co/AgSn,  and  Co/AgMn.  The  results 
were  very  similar  to  each  pther.^  This  agreement  for  was 
presaged  by  the  closeness  of  the  values  of  Hp  in  Fig.  1,  since 
we  have  shown  elsewhere,  that  Hp^Hg } 

Another  possibility  is  that  the  magnetic  character  of  the 
SG  layers  causes  the  saturation  field  for  the  CPP  MR  to 
be  larger  than  the  maximum  field  of  1  kOe  in  our  standard 
CPP  measuring  system.  To  check  this  possibility,  we  mea¬ 
sured  selected  samples  in  a  higher  field  system,  up  to  10 
kOe,  limited  by  the  H^^  of  our  Nb  strips.  No  evidence  of  a 
higher  saturation  field  was  found  for  Co/Ag,  Co/Cu,  Co/ 
AgSn,  or  Co/CuMn.  However,  the  values  of  ARj{H)  for 
Co/AgMn  samples  continued  to  decrease  approximately  lin¬ 
early  with  increasing  field  up  to  10  kOe.^  Assuming  to 
be  10  kOe  would  cause  the  data  points  for  AgMn  in  Fig.  4(a) 
to  rise  only  part  of  the  way  toward  the  straight  line  for  no 
spin-flip  scattering;  however,  it  is  possible  that  the  data  con¬ 
tinue  to  decrease  to  still  higher  fields.  Since  it  is  known  that 
SGs  alone  can  have  substantial  negative  linear  MRs  at  high 
magnetic  fields,^  we  made  some  S/SG/S  sandwiches  of  both 
AgMn  and  CuMn  and  measured  their  CPP  MRs.  We  did  not 
find  negative  MRs  large  enough  to  explain  the  high-field 
behaviors  of  the  Cu/AgMn  multilayers;"  there  is  thus  still 
some  question  about  the  right  explanation  for  the  Co/AgMn 
data  in  Fig.  4(a). 

V.  SUMMARY 

To  summarize,  we  have  shown  how  to  isolate  effects  of 
a  finite  spin  diffusion  length  /^,  using  the  CPP  MR  of  mag¬ 
netic  multilayers,  and  we  have  looked  for  such  effects  in 
multilayers  containing  alloys  of  Ag  and  Cu  with  the  mag¬ 
netic  impurity  Mn.  For  both  Co/AgMn  and  Co/CuMn,  the 
data  of  Fig.  4  deviate  from  straight-line  behavior  in  the  way 
expected,  and  the  sizes  of  the  deviations  are  comparable  to 
predictions  from  a  theory  by  Valet  and  Fert,  even  though  the 
data  do  not  satisfy  the  validity  condition  (/jf^Xti)  of  this 
theory.  The  interpretation  of  the  AgMn  data  is  further  com¬ 
plicated  by  the  presence  of  a  negative  linear  MR  above 


kOe,;the  significance  of  which  is  not  yet  understood. 
To  complete  the  case  for  our  proposed  technique,  we  plan  to 
measure  the^CPP  MR  for  smaller  concentrations  of  Mn  in  Cu 
and  Ag  to  check  that  the  data  scale  with  impurity  concentra¬ 
tion  as  predicted,  and  to  extend  measurements  to  the  non¬ 
magnetic  alloys  Go/AgPt  and  Co/CuPt,  where  spin-orbit  ef¬ 
fects  should  shorten  enough  to  give  significant  effects. 
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Electronic  transport  in  metallic  multilayers  is  discussed  in  the  language  of  the  L^dauer-Buttiker 
scattering  formalism.  The  semiclassical  conductance  through  a  di^rdered  interface  can  be 
imambiguously  separated  into  specular  and  diffuse  scattering  contributions.  Analytical  results  are 
derived  for  the  perpendicular  conductance  of  multiple  disordered  interfaces.  Predictions  for  the 
transport  propfcrties  of  interfaces  with  dilute  but  strongly  scattering  defects  should  be  accessible  to 
verification  by  experiments.  Firet  results  of  first-principles  calculations  of  ballistic  transport  in 
magnetic  multilayers  are  presented. 


I.  INTRODUCTION 

The  giant  magnetoresistance  or  spin-valve  effect  found 
in  antifenomagnetically  coupled  metallic  multilayers*  has  re¬ 
cently  been  studied  in  the  so-called  CPP  (current  perpendicu¬ 
lar  to  the  interface  plane)  geometry,  both  experimentally^’^ 
and  theoretically.^"*'*  One  of  the  many  advantages  of  this 
configuration  compared  to  the  more  conventional  CIP  (cur¬ 
rent  in  plane)  geometry  is  its  high  symmetry,  which  simpli¬ 
fies  the  physics  and  allows  more  insight  into  the  electronic 
transport  through  heterointerfaces.  The  importance  of  inter¬ 
face  scattering  in  many  areas  of  metal  and  semiconductor 
physics  is  reflected  by  numerous  articles  since  the  seminal 
work  by  Fuchs,**  which  arc  mainly  concerned  with  transport 
parallel  to  an  impenetrable  rough  interface,  e.g.,  in  the  two- 
dimensional  electron  gas.**  In  the  present  article  interface 
scattering  is  discussed  for  metallic  transport  normal  to  the 
interfaces  on  the  basis  of  the  Landauer-Buttiker 
formalism.*’  We  show  that  in  a  semiclassical  approximation 
the  diffuse  scattering  is  unequivocally  connected  to  the  im¬ 
purity  scattering  correction  to  the  electric  field  vertex.  Our 
approach  gives  a  simple  relation  between  the  specular  and 
di^se  part  of  the  transmitted  wave.  The  conductance  of  a 
multilayer  is  found  by  a  semiclassical  concatenation  of 
single  interfaces.  The  theory  can  be  applied  to  find  the  mag¬ 
netoconductance  in  magnetic  multilayers,  where  spin- 
dependent  interface  scattering  is  generally  believed  to  be  re¬ 
sponsible  for  the  spin-valve  effect. 

In  Sec.  II  the  Landauer-Buttiker  formalism  is  introduced 
with  emphasis  on  its  relation  to  the  conventional  linear  re¬ 
sponse  theory.  In  Sec.  Ill  we  review  our  previous  results  for 
disordered  interface  scattering  in  the  semiclassical  and  effec¬ 
tive  mass  approximations.*’*’’**  A  critical  assessment  of  the 
validity  of  our  results  is  given  in  Sec.  IV,  where  evidence  is 
presented  for  the  importance  of  quantum  interference  and 
band-structure  effects  beyond  the  semiclassical  approxima¬ 
tion. 
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II.  LANDAUER-BUTTIKER  FORMALISM 

The  Landauer  conductance  formula*’  can  be  derived  di¬ 
rectly  from  the  Kubo  formula  for  the  two-Jerminal  configu¬ 
ration  as  sketched  in  Fig.  1.*®  It  is  required  that  (i)  the  sample 
is  connected  to  the  contacts  via  two  low-impedance  leads 
and  (ii)  the  contacts  are  at  thermodynamic  equilibrium  with  a 
small  electrochemical  potential  difference  A/i=/ii-/r2.  Ac¬ 
cording  to  the  Kubo  linear  response  formalism  the  current 
can  be  calculated  in  terms  of  a  nonlocal  conductivity  tensor 
a(r,r')  and  the  local  electric  field  E|oc(r).  The  total  current 
passing  through  an  arbitrary  plane  S  with  normal  n  ^  is  given 
as 

Js=j  dr  ns(r)‘j(r)=j^drj^dr'  nsa(r,r')Eioc(r'). 

(1) 

We  may  choose  S  to  cut  through  one  of  the  leads  and  to  be 
part  of  the  surface  defining  the  total  volume  fl  which  en¬ 
closes  the  sample  (see  Fig.  1).  The  local  electric  field  is  the 
gradient  of  the  electrochemical  potential  E|oc(r)=V;i(r)/e 
which  vanishes  in  the  leads  according  to  our  assumption  (i). 
The  chemical  potentials  in  the  leads  are  supposed  to  be  iden¬ 
tical  to  the  ones  in  the  contacts  [assumption  (ii)].  The  diver¬ 
gence  theorem  and  the  condition  of  local  charge  conserva- 


FIG.  1.  TVansp  'it  experiment  described  by  Landauer’s  formula  in  the  two- 
terminal  configuration.  A  cunent  flows  through  the  sample  due  to  an  elec¬ 
trochemical  potential  difference  Mi~M2  between  the  contacts  which  are  in¬ 
dicated  by  heavy  shading,  fl  is  the  volume  encircled  by  the  thin  line,  which 
includes  the  shaded  sample  region  and  part  of  the  low-impedance  leads  to 
the  equilibrated  contacts. 
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tion,  V'-j(r)=0,  can  then  be  employed  to  transform  the 
volume  integral  in  Eq.  (1)  into  a  surface  integral, 

j2=-Ji=GA/i/e,  (2) 

where  7i  and/2  ar®  the  cunents  through  the  two  leads  and  G 
is  the  conductance, 

G=jdrj  dr'  ni(r)£(r,r')n2(r').  (3) 

This  result  shows  that  the  current  through  the  sample  de¬ 
pends  only  on  the  total  potential  drop  over  the  sample  and  it 
is  not  necessary  to  know,  the  local  current  and  electric-field 
distribution  to  obtain  the  transport  properties.  It  can  then  be 
shown*®  that  the  conductance  is  proportional  to  the  sum  of 
the  transmission  probabilities  between  the  different 
modes  m  and  n  at  the  Fermi  energy  in  the  left-  and  right- 
hand  side  leads  (spin-degeneracy  assumed), 

G~  I  \t„J\  (4) 

m,n 

The  transmission  amplitude  t„  „  can  be  calculated  via  the 
Schrodinger  equation.*®’*® 

In  many  experiments  it  is  not  possible  to  cleanly  sepa¬ 
rate  “contacts,”  “leads,”  and  the  “sample.”  However,  the 
Landauer-Biittiker  formalism  can  be  applied  also  when  the 
conductance  is  limited  by  a  well-defined  narrow  sample  re¬ 
gion  as  sketched  in  Fig.  1,  where  the  contribution  of  the 
contact/lead  region,  and  inaccuracies  of  its  theoretical  treat¬ 
ment,  can  be  safely  disregarded.  In  macroscopic  samples  the 
effects  of  the  contacts  may  be  neglected  anyway.  One  might 
also  wonder  if  the  formalism  may  be  applied  to  the  spin- 
valve  effect.  It  is  well  known  that  a  fenomagnetic  layer 
causes  a  nonequilibrium  spin  polarization  of  the  outgoing 
current.®®’®*  On  the  other  hand,  the  equilibrated  contacts  are 
an  essential  ingredient  in  the  derivation  of  Landauer’s  for¬ 
mula.  However,  this  problem  is  of  no  concern  as  long  as  the 
spin-flip  relaxation  length  is  sufficiently  longer  than  the 
length  of  the  narrow  sample  section  which  limits  the  conduc¬ 
tance.  If  the  spin  flip  takes  place  in  a  wide  sample  section  or 
in  the  contacts  itself,  it  will  not  significantly  contribute  to  the 
conductance.  The  spin-flip-induced  degradation  of  the  giant 
magnetoresistance  with  increasing  temperature®’®®  cannot  be 
treated  by  our  theory,  however. 


Hi.  DISORDERED  INTERFACE  SCATTERING 

We  consider  the  configuration  in  Fig.  2(a),  i.e.,  a  rela¬ 
tively  narrow  pillar  of  metallic  material  which  limits  the  cur¬ 
rent  in  the  circuit,  as  fabricated  by  Gijs  et  al.^  although  mac¬ 
roscopic  devices  as  investigated  by  Pratt  etal}  can  be 
treated  as  well.  The  de  Broglie  wavelength  in  high-density 
metals  is  only  a  few  A  and  quantum  effects  due  to  lateral 
confinement  can  be  neglected  for  pillars  wider  than,  say,  0.01 
lira.  In  this  regime  the  sample  boundaries  also  have  a  negli¬ 
gible  effect.  Let  us  first  consider  scattering  at  a  single  inter¬ 
face.  The  interface  roughness  is  modeled  by  short-range  scat- 
terers  that  are  randomly  distributed  over  the  interface.  The 
incoming  and  outgoing  electron  states  are  in  this  section  ap- 


FIG.  2,  (a)  Sample  geometry  considered  in  the  first  part  of  the  article,  where 
the  leads  are  made  from  a  bulk  metal,  and  the  conductance  is  limited  by  the 
nanow  region  containing  a  heterostructure,  (b)  Pillar  made  from  a  superlat¬ 
tice,  a  configuration  which  is  accessible  to  band-structure  calculations. 


proximated  by  plane  waves  with  an  effective  parabolic  dis¬ 
persion.  The  wave  function  a.t  an  energy  E  is  determined  by 
the  Schrodinger  equation, 

=Ei{f{x,y,z).  (5) 

The  conduction-band  profile,  Uc(x),  and  the  effective  mass 
of  the  electron  m* (a:),  are  approximated  by  step  functions  at 
x=0.  The  interface  roughness  is  represented  by  the  potential 
V(x,y,z).  Landauer’s  conductance  formula  for  this  situation 
reads  (spin  degeneracy  assumed) 

2e® 

<7=-^  2  kk,.k,f.  (6) 

kj.k,' 

k|  and  ki  are  the  transverse  and  longitudinal  components  of 
the  wave  vectors  related  by 

ki  =  [(2m;M®)(£f-f/i)-A:„®]*'®, 

^f  =  [(2mJJ)M®)(£f-f/«)-k|]*/®. 

The  transmission  (reflection)  coefficient  from  state  k|  to  state 
l^il  fk|,kj'(r|jj  jjj')  and  the  summation  is  over  propagating 
modes.  In  the  following  we  set  AUc=0  and  Am*  =  0,  which 
considerably  simplifies  the  analytical  treatment  (see  Ref.  13 
for  generalizations  of  the  following  equations).  Current  con¬ 
servation  and  the  continuity  of  the  wave  function  relate  the 
transmission  probabilities  and  the  transmission  coefficients 
by  an  optical  theorem,®® 

prop. 

2  kk,,k,'l^  =  R®(^kj'.kj')-  (7) 

•4 

The  diagrams  contributing  to  the  transmission  probability 
can  be  classified  as  crossing  or  non-crossing.  The  crossing 
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diagrams*^  describe  phase  coherence,  phenomena  like  weak 
(Anderson)  loodization  of  the  wave  function.^  Neglecting 
crossing  diagrams,  i.e.,  ph^e  coherent  scattering  between 
different  defects,  it.is  possible  to  find  the  transmission  prob¬ 
ability  in  terms  of  the.  irreducible  self-energy  2  (Ref.  13), 


Our  approximation  is  called  semiclassical  and  valid  for 
|2|/£p*^l.  Otherwise  it  breaks  down  when  the  distance  be¬ 
tween  dephasing  inelastic  collisions  becomes  larger  than  the 
average  separation  between  scatterers.  Electrons  are  scat¬ 
tered  specularly  at  the  interface  if  the  transverse  component 
of  the  wave  vector  is  conserved,  which  is  the  first  term  on  the 
right-hand  side  of  Eq.  (8).  The  second  term  clearly  represents 
the  diffuse  scattering  contribution,  which  vanishes  if  the  ver¬ 
tex  correction  is  not  taken  into  account. 

To  lowest  order  in  the  self-energy  the  con¬ 

ductance  is  independent  of  the  real  part  of  the  self-energy. 


and  the  conductance  becomes  independent  of  the  scattering 
strength.  This  blocking  is  somewhat  reduced  by  a  factor  1/a^ 
via  a  “leak”  of  evanescent  states.  An  experiment  is  proposed 
to  test  this  expression:  Insert  a  layer  (or  a  multilayer,  see 
below)  with  strong  short-range  scatterers  between  two  low- 
impedance  leads.  Such  a  structure  could  be  realized  by  the 
technique  of  5-doping,  which  is  routinely  employed  in  semi¬ 
conductor  technology.  By  measuring  the  conductance  and  the 
number  of  impurities  the  theory  can  be  checked  and  the  leak¬ 
ing  factor  a  can  be  determined  which  provides  information 
about  the' range  of  the  scattering  potential.  Note  that  a  non¬ 
zero  average  of  scatterers  has  no-effect  on  the  conductance  in 
this  limit. 

Results  for  a  single  interface  can  be  generalized  to  N 
interfaces,  taking  both  interface,  scattering  and  bulk  impurity 
scattering  into  account.  Semiclassical  concatenation  of  trans¬ 
mission  probabilities'®  is  consistent  with  the  neglect  of  cross¬ 
ing  diagrams  in  the  single-interface  scattering.  The  transmis¬ 
sion  properties  do  not  change  with  the  distance  between  the 
interfaces  in  this  approximation.  By  allowing  the  interfaces 
to  be  infinitesimally  close  to  each  other,  one  can  convince 
oneself  that  the  relation  between  the  transmission  probabili¬ 
ties  and  the  transmission  coefficients,  Eq.  (7),  still  holds  for 
the  N-interface  configuration.  The  conductance  for  a 
multilayer  is 

=  1  -  2%+  2x\  In^  ^ 


G^G\\-AviR+2r],p),  (9) 

where  Im(2)/(fi^kf).  G°=(2e^lh)(Akl)l(4‘Tr) 

is  the  Sharvin  conductance  which  is  proportional  to  the 
sample  cross  section  A .  The  second  term  reduces  the  conduc¬ 
tance  due  to  specular  scattering.  The  third,  diffuse  term  in¬ 
creases  the  conductance  by  opening  additional  channels  for 
electron  transport. 

We  will  now  study  the  situation  where  all  scatterers  have 
equal  magnitude  of  strength  ±  y  with  an  average  y  which 
does  not  have  to  vanish.  TTie  self-energy  is  calculated  in  the 
single-site  approximation,  i.e.,  using  the  exact  cross  section 
for  isolated  defects,  but  neglecting  crossed  diagrams, 


ViRr-  iniR(m  *lh})  ■y2(A:f/2'rr)(  1  -  i 

l  +  i(m*ylh^)ikp/2TT)]Hl~i^a^-l)^ 


This  result  reduces  to  the  Bom  result  in  the  weak  scattering 
limit  [m*ykp/{h^TT)^l].  For  strong  scattering 
[m*ykp/(h^'ir)>l],  but  to  lowest  order  in  Tjjp,  we  obtain 
the  interesting  result  that 


Nir\ 


(11) 


where  a  high-momentum  cutoff  akp  characterizes  the  spatial 
range  of  the  scattering  potentials.  The  conductance  is  re¬ 
duced  by  a  factor  proportional  to  the  number  of  defects 
Nip=Anjp.  Each  scatterer  effectively  blocks  one  channel 


where %=Ar/(2N)=L/(2/). N^llLp=[2viR-^Lpll^{\-^  is 
the  mean  free  number  of  traversed  interfaces,  where  L  is  the 
total  sample  length,  Lp=LIN,  I  is  the  global  mean  free  path 
and  /qi  is  the  mean  free  path  due  to  bulk  impurity  scattering. 
TTiis  relation  agrees  with  Eq.  (11)  in  Ref.  6  for  Al/c=0.  The 
two-dimensional  equivalent  of  this  expression  is  of  interest 
in  quasiballistic  transport  in  semiconductor 
nanostructures,^’^^ 


1-f 

xn  I 

1 

arccos  — 

Xf] 


for  X;(^<1, 

for  Xfi>\, 

(13) 


where  =  {2e^/h){Wkp/Tr)  is  the  two-dimensional  Shar¬ 
vin  conductance,  proportional  to  the  channel  width  W.  For 
disordered  homogeneous  samples  these  expressions  are  simi¬ 
lar  but  not  identical  to  de  Jong’s  solution  for  the  Boltzmann 
equation.^  The  reason  for  the  differences  can  be  traced  to 
the  complete  backscattering  of  electrons  with  grazing  inci¬ 
dence  in  the  present  formalism,  which  in  the  Boltzmann  ap¬ 
proach  are  transmitted  with  probability  of  one-half.^®  In  the 
large  N  limit  a  Drude-iike  (Ohm’s  law)  expression  is  ob¬ 
tained  for  the  conductivities. 
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2e^ 

4 

-..lim  .  ..  = 

- 

in  three  dimensions, 

^Nr*^  A 

h 

Sir 

NLpG^v 

2e^ 

kp 

— 

in  two  dimensions. 

h 

2 

(14) 


For  three-dimensional  superlattices  this  limit  has  been 
treated  before  by  Zhang  and  Levy.'* 

For  a  magnetic  multilayer  it  is  now  straightforward  to 
find  the  conductance  by  including  spin-dependent  interface 
and  bulk  scattering.  The  difference  in  the  meaii  free  number 
of  traversed  interfaces  between  both  spin  channels  is  Ai^  and 
the  spin-averaged  results  is  N.  The  magnetoconductance  of 
an  antiparallel  coupled  multilayer  is  AG=G^-G^.  The 
magnetoconductance  depends  on  the  parameters  AN,  N,  and 
the  number  of  interfaces  N.  the  spin-valve  effect  inaeases 
with  the  number  of  bilayers  and  saturates  at  the  Drude  limit 
for  N>ff  (Ref.  4).  In  the  limit  of  a  magnetic  superlattice  the 
relative  magnetoconductance  is 

[AG/G^]^^‘=(AmN)^. 

IV.  VAUDITY  OF  SEMICLASSICAL  AND 
EFFECTIVE-MASS  THEORY 

It  is  important  to  assess  the  accuracy  of  the  semiclassical 
and  the  effective-mass  approximations  for  transition-metal 
multilayers,  which  are  the  most  interesting  class  of  com¬ 
pounds  for  applications  of  the  present  theory.  The  semiclas¬ 
sical  approximation  discards  quantum  interference  effects 
which  are  known  to  be  important  for  several  other  properties. 
The  oscillatory  coupling  of  magnetic  layers  is  a  genuine 
quantum  interference  effect  since  it  depends  on  the  thickness 
of  the  non-magnetic  layer.^’  Size-quantized  states  have  been 
observed  by  inverse  photoemission  and  claimed  to  mediate 
the  magnetic  coupling.^  It  is  therefore  not  clear  from  the 
outset  that  semiclassical  approximations  can  be  used  to  de¬ 
scribe  transport  properties.  A  combined  theory  for  coupling 
and  transport  proposed  in  Ref.  29  is  still  in  a  formal  stage.  In 
a  numerical  study  on  disordered  multilayers  Asano  and 
co-workers®’*®  provide  evidence  that  quantum  size  effects 
can  be  very  important  for  the  transport  properties.  They  pro¬ 
ceed  from  a  tight-binding  approximation  for  the  d  electrons, 
which  corresponds  to  a  small  bandwidth  and  large  effects  for 
a  given  potential  discontinuity.  The  effect  of  the  potential 
step  is  much  smaller,  however,  when  .v  electrons  at  the  Fermi 
energy  are  considered  to  be  responsible  for  the  transport, 
especially  in  Cu/transition-metal  multilayers.  Zhang  and 
Levy*'*  also  found  rather  small  quantum  effects  of  miniband 
formation  for  the  small  potential  step  sizes  .seen  by  s  elec¬ 
trons.  In  reality,  free  electrons  and  d  electrons  are  strongly 
hybridized.  This  problem  cannot  be  solved  satisfactorily 
within  an  effective-mass  approximation,  revealing  the  need 
for  a  transport  theory  which  takes  the  correct  band  structure 
of  the  transition  metal  into  account,  s-d  hybridization  has 
been  investigated  in  a  tight-binding  approximation  by  Itoh, 
Inoue,  and  Maekawa^®  to  investigate  the  scattering  potential 
of  a  rough  Cu/Ni  surface.  Coehoom^*  correlates  magne¬ 
totransport  with  the  spin-dependent  occupation  num¬ 


ber  differences  of  d  orbitals  at  heterointerfaces  obtained 
from  first-principles  band-structure  calculations.  Oguchi^^ 
emnloy  band-structure  calculations  of  superlattices  to  calcu¬ 
late  the  average  Fermi  velocities,  i.e.,  the  gradient  of  the 
energy  dispersion  at  the  Fermi  surface,  parallel  and  perpen¬ 
dicular  to  the  interfaces.  The  strong  anisotropies  are  due  to 
quantum  .size  effects  similar  to  those  found  by  Asano  and 
co-workers.®’*®  However,  transport  and  band  structures  are 
connected  heuristically  by  introducing  a  phenomenological 
transport  scattering  time. 

Here  we  want  to  emphasize  that  the  Landauer-Buttiker 
formalism  lends  itself  very  well  to  go  beyond  the  effective- 
mass  and  semiclassical  approximations,  taking  into  account 
band-structure  effects  rigorously.  The  Landauer  conductance 
formula  is  easily  rewritten  for  the  case  of  a  complicated  band- 
structure  by  labeling  the  in-  and  outgoing  electron  states  at 
the  Fermi  energy  by  the  parallel  crystal  momentum  qp  inside 
the  first  Brillouin  zone  and  band  index  p  (spin  degeneracy 
assumed), 

2e^ 

G  =  -Y  S  (15) 

The  calculation  of  the  transmission  probabilities  is  of  course 
more  difficult.  In  order  to  get  a  feeling  for  the  interrelation 
between  electronic  structure  and  transport,  we  propose  con¬ 
sidering  the  perfectly  ballistic  regime  of  a  microstructure  or 
point  contact.  This  regime  might  be  realized  in  future  devices 
since  atomically  perfect  interfaces  are  already  obtainable  by 
molecular-beam-epitaxy  crystal  growth  techniques.  Further¬ 
more,  Asano  and  co-workers®’*®  pointed  out  that  the  pro¬ 
jected  density  of  states  of  unperturbed  systems  is  strongly 
correlated  with  the  conductance  affected  by  interface  rough¬ 
ness  scattering.  The  finite  (Sharvin)  conductance  is  propor¬ 
tional  to  the  finite  cross  section  A  and  the  contact  conduc¬ 
tances  in  the  narrow  sample  region  due  to  heteroinsertions.® 
The  configuration  in  Fig.  2(a)  is  not  directly  accessible  to 
band-structure  calculations,  however.  We  therefore  concen¬ 
trate  on  the  configuration  in  Fig.  2(b),  for  which  the  Sharvin 
conductance  comes  down  to  the  sum  of  the  projections  S  of 
the  Fermi  surfaces  for  the  different  bands  on  the  plane  nor¬ 
mal  to  the  transport  direction 

2e^  A  1  ^ 

4^  2  ^ 

=  ^  ^  ^  S  J  i/q|n’Vqe,(q)|.5[e,(q)-£f], 

(16) 

which  can  be  calculated  given  the  band-structure  energies 
e„(q)  on  a  sufficiently  fine  mesh  of  wave  vectors  in  the  first 
Brillouin  zone.  In  Fig.  3  we  plot  the  number  of  conduction 
channels  for  Cu,  which  is  proportional  to  the  ballistic  con¬ 
ductance  through  a  constriction  with  cross  section  A ,  as  cal¬ 
culated  using  first-principles  band  structures  obtained  by  the 
linear  muffin-tin  orbital  method  (see  Ref.  33  for  details).  To 
indicate  the  contributions  from  different  bands  the  Fermi  en¬ 
ergy  is  varied,  keeping  the  Cu  band  structure  unmodified. 
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FIG.  3.  Number  of  conducting  channels  in  a  constriction  of  copper  with 
cross  section  A  and  oriented  along  the  main  crystal  axes  (100)  (solid  line), 
(110)  (dashed  line),  and  (111)  (dotted  line)  (a  =3.61  A).  The  Fermi  energy 
is  varied  for  the  (fixed)  energy  band  structure  calculated  for  Cu.  The  dashed 
straight  line  is  the  free-electron  result. 

Note  that  Gj  is  anisotropic  even  for  cubic  crystals.  By  cal¬ 
culating  Eq.  (16)  for  magnetic  superlattices  with  n  parallel 
and  perpendicular  to  the  interfaces  a  first-principles,  consis¬ 
tent  theory  of  transport  and  magnetism  can  be  achieved.  First 
results  have  been  obtained  for  Cbi/C;u2  (lll)-oriented  super¬ 
lattices  forced  into  the  spin-parallel  (P)  and  spin-antiparallel 
(AP)  configurations.  The  conductances  are  1.14  (P)  and  0.96 
(AP)  for  the  CIP  geometry  and  0.83  (P)  and  0.64  (AP)  for  the 
CPP  geometry,  all  in  10**  (1“*  cm“^.  The  magnetoconduc¬ 
tance  (P-AP)/AP  is  therefore  19%  for  the  CIP  geometry  in 
contrast  to  30%  in  the  CPP  geometry,  explaining  a  significant 
fraction  of  the  experimental  value  as  a  purely  ballistic  effect. 
A  detailed  analysis  will  be  published  in  due  course.** 

V.  CONCLUSIONS 

In  summary,  we  have  derived  analytical  semiclassical 
expressions  for  perpendicular  transport  through  disordered 
interfaces.  An  experiment  to  check  the  theory  is  proposed 
which  might  lead  to  a  deeper  understanding  of  the  scattering 
process  and  the  microscopic  structure  of  disordered  inter¬ 
faces.  In  the  two-current  model  the  expressions  are  easily 
generalized  to  describe  the  giant  magnetoresistance  in  terms 
of  the  mean  free  number  of  traversed  interfaces  for  the  ma¬ 
jority  and  minority  spins.  First  results  indicate  the  impor¬ 
tance  of  taking  realistic  band  structures  into  account.** 
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We  discuss  the  fabrication  and  microstructuring  techniques  of  pillar  structures  made  of  high  vacuum 
sputtered  Fe/Cr  multilayers  and  of  niolecular  beam  epitaxy  evaporated  Co/Cu  multilayers,  for  which 
we  measured  die  giant  magnetoresistance  effect  with  the  current  perpendicular  to  the  multilayer 
plane  from  4  K  to  300  K.  Using  optical  lithography  and  reactive  ion  etching  techniques  we  obtained 
structures  with  a  typical  height  of  0.5  ptm  and  a  width  ranging  between  3  and  10  fim.  For  both  Fe/Cr 
and  Co/Cu  multilayers  we  find  an  enhanced  magnetoresistance  with  respect  to  the  in-plane  case.  The 
perpendicular  magnetoresistance  of  the  Fe/Cr  pillars  strongly  decreases  with  temperature,  while  for 
the  Co/Cu  samples  the  temperature  dependence  is  weaker,  indicating  electron-magnon  scattering 
processes  of  different  strength. 


I.  INTRODUCTION 

Following  the  discovery  of  antifenomagnetic  (AF) 
coupling’  and  the  associated  giant  magnetoresistance  (MR) 
effect  in  Fe/Cr  magnetic  multilayers,^  numerous  magnetore¬ 
sistance  studies  on  a  variety  of  multilayer  systems  have  been 
reported.^"^  In  these  experiments,  the  measuring  current  is  in 
the  plane  of  the  multilayer,  the  so-called  current-in-plane 
(CIP)  geometry.  The  situation  where  the  measuring  current  is 
perpendicular  to  the  multilayer  plane  (the  so-called  CPP- 
geometry)  has  been  studied  more  extensively 
theoretically’®"'^  than  experimentally.  Up  to  now  only  two 
experimental  groups  reported  on  the  CPP-MR  in  magnetic 
multilayers,  ‘the  first  experiment'  were  done  for  Co/Ag  and 
Co/Cu  multilayers  at  Michigan  State  University.’®  In  these 
experiments  iio  microfabrication  techniques  were  used;  the 
multilayer  was  sandwiched  between  a  superconducting  Nb 
top  and  bottom  contact  electrode  of  millimeter  size  and  the 
very  small  multilayer  resistance  (typically  0.01-0.1  /lift) 
was  measured  at  4.2  K  using  an  ultra-sensitive  SQUID-based 
system.  This  implies  that  measurements  are  only  possible  at 
liquid  helium  temperatures.  Following  another  approach,  we 
have  used  microstructuring  techniques  and  fabricated  Fe/Cr 
pillar  structures,  enabling  us  to  study  the  CPP-MR  effect 
from  4  K  up  to  room  temperature.”  This  experiment  is  not  at 
all  straightforward,  primarily  because  the  perpendicular  re¬ 
sistance  of  a  microstructured  thin  film  generally  is  much 
smaller  than  the  sheet  resistance  /?□  of  the  contact  leads.  To 
overcome  this  problein,  a  specific  contact  geometry  has  been 
developed,  which  allows  a  proper  measurement  of  the  per¬ 
pendicular  resistance  of  a  metal  film  without  excessive  spu¬ 
rious  resistance  contributions  from  the  contact  leads.'*  Our 
experiments  provided  the  first  data  on  the  temperature  de¬ 
pendence  of  the  CPP-MR  effect,  which  still  represents  a 
theoretical  challenge.  In  particular  the  role  of  spin-flip  scat¬ 
tering  on  the  giant  MR  remains  to  be  elucidated. 

Here,  we  will  discuss  experiments  on  the  temperature 
dependence  of  the  CPP-MR’®  of  microstructured  Fe/Cr  mul¬ 
tilayers,  grown  ■  sputtering.  These  are  compared  with  new 
experimental  results  on  the  CPP-MR  of  Co/Cu  multilayers, 
grown  by  molecular  beam  epitaxy  (MBE)  evaporation.  In 


Sec.  II,  we  will  discuss  the  growth  and  characterization  of 
the  multilayers  followed  by  an  outline  of  the  microstructur¬ 
ing  methods  to  fabricate  the  samples.  Attention  will  also  be 
given  to  finite  element  calculations  of  the  current  distribution 
pattern  in  the  different  sample  geometries.  In  Sec.  Ill,  we 
present  the  CPP-MR  results  for  the  Fe/Cr  and  Co/Cu  multi¬ 
layers.  The  CPP-MR  of  typically  100%  at  low  temperatures 
are  a  factor  2  to  4  larger  than  the  corresponding  CIP-MR.  For 
Fe/Cr  the  CPP-MR  decreases  strongly  on  increasing  the  tem¬ 
perature,  whereas  experiments  on  Co/Cu  show  a  much 
slower  decrease.  The  different  temperature  dependence  of 
Fe/Cr  and  Co/Cu  can  be  related  to  the  role  of  electron- 
magnon  scattering  in  the  two  multilayer  systems.  Finally,  in 
Sec.  IV,  conclusions  will  be  formulated. 

II.  LAYER  DEPOSITION  AND  MICROSTRUCTURING 

In  this  section  we  will  first  discuss  the  deposition,  char¬ 
acterization,  and  microstructuring  of  the  Fe/Cr  multilayers; 
second,  for  the  Co/Cu  multilayers,  the  MBE  deposition  and 
characterization  is  explained,  whereas  the  microstructuring  is 
practically  the  same  as  for  the  Fe/Cr  layers. 

The  processing  of  a  Fe/Cr  pillar  sample  is  schematically 
shown  in  Figs.  l(a)-l(d).  First  a  0.4  pm  thick  Cr  base  layer 
is  rf  sputtered  onto  a  Si02  substrate  held  at  room  tempera¬ 
ture.  TTien  a  0.4-0. 7  pm  thick  Fe/Cr  multilayer  is  deposited, 
using  dc  sputtering  for  the  Fe  and  rf  sputtering  for  the  Cr, 
followed  by  a  dc  sputter  deposition  of  a  0.3  pm  thick  Au 
layer.  The  central  part  of  the  structure  consists  typically  of  a 
100X(3  nm  Fe  -f  tcr  Cr)  multilayer  with  a  variable  Cr  thick¬ 
ness  tc, .  All  depositions  were  done  during  one  vacuum  run. 
The  system  pressure  prior  to  deposition  was  4X10“’  mbar 
and  the  Ar-pressure  during  sputtering  was  4X10"^  mbar. 
X-ray  diffraction  shows  predominantly  (110)  growth  of  the 
multilayer.  For  lithography  the  sample  is  covered  by  a  0.1 
/itm  thick  Mo  layer,  then  by  a  0.2  pm  thick  AI2O3  layer, 
followed  by  the  deposition  of  another  0.1  pm  thick  Mo 
layer.  The  latter  is  structured  using  conventional  lithography 
and  using  wet  etching  [Fig.  1(a)]  and  serves  as  a  mask  for  the 
structuring  of  the  AI2O3  layer,  which  is  carried  out  in  a 
CHF3/Ar  plasma  (10  seem  CHF3/4O  seem  Ar,  25  pbat,  0.52 
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FIG.  1.  Schematic  diagram  of  different  processing  steps  in  the  pillar  struc¬ 
turing  and  contact  fabrication. 


W/cm^).  The  structured  AI2O3  layer  in  turn  is  used  as  a  masV 
for  the  etching  of  the  Au  and  the  Fe/Cr  multilayer;  this  is 
done  in  an  HCl  plasma  (40  /ibar,  2.1  W/cm^)  [Fig.  1(b)]. 
After  removal  of  the  remaining  AI2O3 ,  the  sample  is  covered 
with  an  insulating  polyimide  layer.  Contact  holes  in  the  poly- 
imide  are  made  using  reactive  ion  etching,  after  which  the 
remaining  Mo  in  the  hole  is  removed  by  wet  etching  [Fig. 
1(c)].  Subsequently,  the  structure  is  covered  by  a  1.9  /im 
thick  Au  film,  in  which  the  contact  electrode  pattern  is  made 
[Fig.  1(d)].  The  pillar  in  the  middle  is  the  actual  sample; 
finally  two  Au  contact  leads  are  attached  on  top  of  it  for  the 
resistance  measurement;  also  the  side  parts  of  the  structure 
are  contacted  and  serve  as  the  lower  contact  leads  for  the 
pillar  in  the  middle. 

In  Figs.  2(a)-2(d),  microscopic  images  of  the  structure 
are  shown.  Figure  2(a)  corresponds  to  the  schematic  diagram 
of  Fig.  1(b)  and  shows  the  pillar  after  the  structuring  in  the 
HCl-plasma.  Figure  2(b)  is  a  top  view  of  the  final  structure, 
showing  the  upper  Au  contact  structured  on  top  of  the  hole  in 
the  polyimide  layer.  The  upper  and  lower  current  contact  is 
indicated  by  I*  and  l~,  respectively;  the  upper  and  lower 
voltage  contact  is  indicated  by  F'*'  and  V”,  respectively. 


FIG.  2.  (a)  Micrograph  of  a  pillar  structure  after  the  etching  in  the  HCl 
plasma;  (b)  micrograph  showing  the  upper  Au  electrode  on  top  of  the  hole  in 
the  polyimide;  upper  and  lower  current  contacts  are  indicated  by  I*  and 
r,  respectively;  upper  and  lower  voltage  contacts  are  indicated  by  V*  and 
,  respectively;  (c)  complete  pillar  device;  (d)  pillar  device  with  additional 
laser  trenches. 


,  Figure.  2(c)  is  an  oyer-all  view  of  the  structure,- as  described 
so  far,  showing,  clearly  the  relative  magnitude  of -the  pillar 
with  respect  to  the  contact  electrodes.  Figure  2(d)  is  an  im¬ 
proved  measuring  structure,  which  differs  from  Fig.  2(c) 
only  by  the  presence  of  two  trenches,  etched  down  to  the 
substrate  using  a  Nd-YAG  laser  (532  nm).  For  the  largest 
pillars  .fabricated  on  the  substrate  (width  10-12  /im),  the 
trench  ends  at,  the  edges  of  the  pillar,  so  that  the  only  con¬ 
nection  between  the  two  parts  of  the  structure  is  established 
through  the  pillar.  This  trench  plays  a  cmcial  role  in  the 
measurement  of  the  Fe/Cr  pillars,  because  it  strongly  reduces 
the  spurious  spreading  resistance  effect  of  the  contact  leads 
(particularly  of  the  lower  Cr  electrode),  which  is  necessary 
for  a  proper  measurement  of  the  very  small  perpendicular 
resistance  (typically  a  few  mfl).  The  resistance  of  the  struc¬ 
ture  without  trench  [Fig.  2(c)]  is  dominated  by  resistance 
contributions  from  the  electrodes.  The  difference  between 
the  two  measurement  geometries  can  be  well  understood  us¬ 
ing  the  three  dimensional  simulation  package  TOSCA.^® 
More  specifically,  electrostatic  calculations,  based  on  the  fi¬ 
nite  element  method,  were  done  for  a  structure  consisting  of 
two  140X140  square  films  with  a  thickness  of 
1.9  /tim  and  0.3  jim,  respectively,  centrally  connected  by 
a  4x4  /im^  pillar  with  a  height  of  1  /tm.  This  stmeture  is 
schematically  shown  in  Fig.  3(a);  the  location  of  the  current 
and  voltage  contacts  is  indicated.  The  actual  pillar  in  be¬ 
tween  the  two  contact  layers  is  grey  shaded.  When  a  cunent 
is  flowing  from  I*  to  /”,  we  find  equipotential  lines  in  the 
0.3  fim  thick  bottom  electrode  as  shown  in  Fig.  3(b).  Fig¬ 
ure  3(c)  is  the  corresponding  vector  plot  of  the  electric  field. 
The  direction  of  the  arrows  corresponds  to  the  direction  of 
the  field  and  their  thickness  to  the  field  magnitude.  It  is  clear 
that,  between  the  voltage  probes  and  Y',  a  large  spuri¬ 
ous  voltage  contribution  from  the  leads  is  present.  For  the 
simulated  structure,  we  find,  using  contour  integration,  that 
only  3%  of  the  totally  measured  voltage  actually  corresponds 
to  a  voltage  drop  over  the  perpendicular  resistance.  The 
structure  with  trenches  is  schematically  shown  in  Fig.  3(d). 
Corresponding  voltage  and  electric  field  plots  of  the  lower 
contact  electrode  are  given  in  Figs.  3(e)  and  3(f),  respec¬ 
tively.  In  Fig.  3(e)  there  is  no  voltage  drop  at  all  in  the  left 
voltage  sensing  electrode,  which  of  course  is  equivalent  to 
the  locally  zero  electric  field  in  Fig.  3(f).  Having  eliminated 
the  electrode  spreading  resistance,  the  resistance  of  the 
multilayer  pillar  is  .still  of  the  same  order  of  magnitude  as  the 
residual  serial  contact  resistance  (probably  located  at  the 
pillar-contact  interface),  which  is  determined  experimentally 
by  comparing  different  multilayer  thicknesses.  Also  the  pillar 
height  is  relatively  small  compared  to  its  width  w,  which 
gives  rise  to  a  nonuniform  current  distribution  in  the  pillar. 
Analytical  calculation  using  Ohms  law  gives  for  the  geom¬ 
etry  with  trench  that  (V^-V'~)h'^  «  (w/i)/sinh(M'/L) 

with  L  a  parameter  of  typically  2-3  /rm.^'  This  dependence 
we"  checked  independently  by  numerical  simulations  based 
on  the  finite  element  method.  In  the  following,  quoted  MR 
values  for  the  Fe/Cr  multilayers  were  corrected  for  the  serial 
contact  resistance  and  are  extrapolations  for  w  — >  0. 

The  fabrication  of  the  Co/Cu  multilayer  pillars  is  similar 
to  that  of  the  Fe/Cr  samples.  However,  it  is  well  known  that 
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FIG.  3.  (a)  Schematic  diagram  of  the  simulated  structure  without  trench.  The  actual  pillar  is  grey  shaded;  current  and  voltage  contacts  are  indicated, 
(b)  Finite  element  calculation  of  the  equipotential  line  distribution  in  the  bottom  electrode  of  a  structure  without  trench,  (c)  Finite  element  calculation  of  the 
electric  field  modulus  and  vector  plot  of  the  electric  field  in  the  bottom  electrode  of  a  structure  corresponding  to  a  structure  without  trench,  (d)  Schematic 
diagram  of  the  simulated  structure  with  trench.  The  actual  pillar  is  grey  shaded;  current  and  voltage  contacts  arc  indicated,  (c)  and  (f);  same  as  (b)  and  (c),  but 
for  a  structure  with  laser-etched  trenches.  For  each  simulation  the  current  drain  is  on  the  right  and  voltage  probes  are  situated  on  the  left. 


the  growth  of  AF  coupled  Co/Cu  multilayers  with  large  MR 
is  very  sensitive  to,  for  instance,  the  choice  of  the  substrate 
and  the  use  of  a  buffer  layer.*  We  have  investigated  Co/ 
Cu(l{)0)  oriented  layers.  The  multilayer  stacks  were  prepared 
on  single  crystalline  Si(lOO)  substrates  in  a  multichamber 
MBE  system  (VG  Semicon  V80M).  Prior  to  introduction 
into  the  MBE  system,  the  substrates  were  IIF  dipped,  a  pro¬ 
cedure  which  resulted  in  a  sharp  low  energy  electron  diffrac¬ 
tion  (LEED)  pattern,  characteristic  of  the  Si(lOO)  substrate. 
All  depositions  were  carried  out  at  room  temperature,  at  a 
pressure  of  better  than  10"*®  mbar.  The  first  stage  of  the 
multilayer  stack  involved  deposition  of  a  300  nm  Cu  layer, 
later  to  be  employed  as  the  lower  electric  contact.  A  deposi¬ 
tion  rate  of  0.0S3  nm/s,  as  registered  by  a  calibrated  quartz 
crystal  thickness  monitor,  was  used  for  the  deposition.  LEED 
analysis  of  the  resulting  Cu  layer  indicated  that  a  clear  (100) 
orientation  was  produced.  Perpendicular  and  parallel  lattice 
spacings  have  been  determined  kinematically  by  measuring 
the  primary  Bragg  LEED  reflections  along  the  [0,0]  rod,  and 
by  comparison  of  the  LEED  patterns  with  those  of  a  Cu(lOO) 
single  crystal.  In  both  directions,  the  Cu  layer  displayed 
identical  lattice  spacings  to  that  of  a  single  crystal  Cu(lOO). 
Subsequent  deposition  of  the  Co/Cu  multilayer  [250X(1.2 
nm  Co  +  1.1  nm  Cu)]  with  identical  Cu  rate  and  a  Co  depo¬ 
sition  rate  of  0.05  nm/s,  maintained  the  (100)  orientation 
established  for  the  Cu  base  layer.  The  in-plane  lattice  spacing 
is,  within  experimental  error,  identical  to  the  underlying  Cu 
base  layer,  establishing  the  presence  of  coherent  epitaxial 
growth.  Quantification  of  the  perpendicular  lattice  spacings 
of  thin  multilayers  is  not  reliable  within  the  kinematic  ap- 

J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


proximation  (due  to  multiple  diffraction  effects);  the  most 
probable  scenario  however  being  that  the  growth  proceeds  in 
an  equivalent  manner  to  that  established  by  de  Miguel 
ei  al.^^  where  Cu  layers  are  ob.served  to  maintain  their  bulk 
perpendicular  spacing  (0.181  nm)  and  the  Co  layers  contract 
in  the  perpendicular  direction  (to  0.170  nni)  to  accomodate 
the  coherent  in-plane  expansion.  X-ray  diffraction  studies  re¬ 
vealed  that  the  repeat  period  of  the  Co/Cu  multilayer  was 
(2.27±0.04)  nm.  The  multilayer  .stack  was  completed  with  a 
deposition  of  300  nm  of  Au  (deposition  rate  0.03  nm/s),  to  be 
used  as  the  top  electrical  contact. 

The  microstructuring  process  of  the  Co/Cu  layers  is 
similar  to  that  of  Fe/Cr.  The  only  difference  is  that,  during 
the  pillar  etching  in  the  HCl  plasma,  only  180  repeats  of  the 
Co/Cu  bilayer  are  etched  through,  so  that  the  lower  70  Co/Cu 
bilayers  become  part  of  the  lower  contact  electrode.  The  rea¬ 
son  for  this  is  the  extremely  high  etching  rate  of  pure  Cu  in 
the  HCl  plasma,  which  makes  the  etching  down  to  the  last 
Co/Cu  bilayer  extremely  critical.  The  quoted  MR  values  for 
the  Co/Cu  multiayer  are  as-measured;  the  intrinsic  MR  effect 
might  be  larger,  as  the  contribution  of  a  serial  pillar  contact 
resistance  so  far  could  not  be  discriminated. 

Typically,  a  few  hundred  pillars  with  a  cross  section  5 
ranging  between  6  fiit?  and  130  /im^  are  fabricated  on  one 
substrate  for  each  multilayer  composition,  15-20  different 
pillar  structures  of  the  same  cross-section  were  measured  to 
check  reproducibility.  After  wire  bonding,  the  samples  are 
mounted  in  a  ‘*He  flow  cryostat.  Pillar  resistances  are  mea¬ 
sured  using  an  ac  bridge  technique  in  the  4-300  K  tempera¬ 
ture  range  and  in  fields  up  to  1600  kA/m  (2  T). 
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FIG.  4.  Giant  magnetoresistance  of  a  microstructured  pillar  in  a  lOOX  (3  nm 
Fe  4-  1  nm  Cr)  multilayer  with  the  current  perpendicular  to  the  multilayer 
plane  (CPF)  and  as  a  function  of  temperature.  The  inset  shows  a  schematic 
diagram  of  the  pillar  structure  with  the  cunent  and  voltage  contacts. 
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FIG.  5.  Temperature  dependence  of  the  CPP-magnetoresistance  of  pillar 
structures  made  in  100  X  (3  nm  Fe  +  Cr)  multilayers  with  (a)  Iq,  -  1  nm, 
(b)  tc,  -  2.8  nm,  and  (c)  ta  =  4  nm.  Conesponding  CIP-MR  data  are  given 
for  comparison.  The  full  curves  arc  a  guide  to  the  eye. 


III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  4  shows  CFP-MR  curves  at  different  tempera¬ 
tures  for  a  Fe/Cr  pillar  with  a  cross-section  S  =  90  firn^ 
structured  in  a  100X(3  nm  Fe  +  1  nm  Cr)  multilayer;  for 
clarity  the  curves  are  displaced  vertically.  At  9.3  K  we  ob¬ 
serve  a  MR  effect  of  108%,  more  than  four  times  higher  than 
the  corresponding  CIP-MR  effect  in  unstructured  films.®  The 
MR  effect  is  weakly  temperature  dependent  below  about 
r=60  K;  above  that  temperature  the  decrease  is  much  stron¬ 
ger.  At  room  temperature  a  14%  CPP-MR  remains,  two  times 
larger  than  the  corresponding  CIP-MR.  The  saturation  field 
is  defined  by  the  crossing  point  of  the  low  field 
resistance  decrease  with  the  horizontal  line  of  constant  resis¬ 
tance  at  higher  fields.  We  find  that  Bj=0.54  T,  nearly  inde¬ 
pendent  of  temperature.  This  J?j-value  corresponds  with  an 
interlayer  exchange  coupling  energy  per  unit  surface  of  1.3 
mJ/m^  (see  Ref.  8).  Hence,  the  interlayer  coupling  energy  is 
orders  of  magnitude  larger  than  the  thermal  energy  for  our 
microstructures.  This  implies  that  the  strong  temperature  de¬ 
pendence  of  the  CPP-MR  cannot  be  attributed  to  incomplete 
AF-coupling  at  higher  temperatures.  This  was  verified  using 
temperature  dependent  magnetization  measurements.  In  con¬ 
trast  to  the  structure  of  Fig.  4  with  1  nm  Cr  layer,  we  did  find 
a  hysteretic  magnetoresistance  for  larger  thicknesses,  e.g., 
for  the  100X(3  nm  Fe  +  4  nm  Cr)  sample.  This  seems  very 
reasonable  as,  for  this  Cr-thickness,  we  do  not  expect  perfect 

6712  J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


AF  coupling  anymore.  Rather,  one  is  in  a  weakly  AF 
coupled/uncoupled  situation,  which  is  also  confirmed  by 
magnetization  data  for  this  sample. 

In  Figs,  5(a)-5(c)  the  temperature  dependence  of  the 
CPP-MR  is  shown  for  multilayers  with  different  tc, ;  a  com¬ 
parison  is  made  with  the  corresponding  CIP  data.®  Fig.  5(a) 
is  for  tc,=  1  nm  and  corresponds  with  the  measurements 
presented  in  Fig.  4.  The  enlarged  CPP-MR  effect  and  its 
strong  decrease  with  temperature  is  immediately  clear.  This 
decrease  is  also  pronounced  for  the  sample  of  Fig.  5(b) 
(/cr=  2.8  nm,  a  Cr  thickness  corresponding  to  the  second  AF 
coupled  peak,  and  5  =  20  yitm^).  Above  about  100  K,  the 
CPP-MR  even  becomes  smaller  than  the  CIP-MR.  Presently 
it  is  hard  to  discriminate  if  this  is  an  intrinsic  effect  or  if  this 
crossing  of  the  curves  arises  from  an  excessive  serial  contact 
resistance  for  this  CPP  sample.  In  Fig.  5(c),  the  sample  with 
tc=  4  nm  and  S  =  6  is  shown.  Again,  we  observe  that 
the  CPP-MR  is  enhanced  with  respect  to  the  CIP-MR  and 
that  the  temperature  dependence  is  markedly  stronger. 

In  Fig.  6  we  present  results  on  the  temperature  depen¬ 
dence  of  the  CPP-MR  of  a  180X  (1.2  nm  Co  +  1.1  nm  Cu) 
(100)  oriented  multilayer  grown  by  MBE  evaporation  (5 
=  125  /xm^),  compared  with  a  CIP-MR  reference  experi¬ 
ment.  The  sample  used  for  the  CIP-experiment  was  grown  on 
a  30  nm  thick  Cu  buffer  layer  on  a  Si(lOO)  substrate.  For  a 
Cu  thickness  of  1.1  nm,  one  is  in  the  first  AF  coupling  peak 
of  the  Co/Cu(100)  system.  The  latter  is  characterized  by  a 
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FIG.  6.  Temperature  dependence  of  the  CPP-magnetoresistance  of  a  Co/ 
Cu(lOO)  pillar  structure  made  from  a  180X(1.2  nm  Co  +  1,1  nm  Cu) 
multilayer.  Corresponding  CIP-MR  data  are  given  for  comparison.  The  full 
curves  are  a  guide  to  the  eye. 

peak  with  maximum  at  1.0  nm  Cu  and  a  width  of  0.3  nm.“ 
The  CIP-MR  is  43%  at  4  K  and  21%  at  room  temperature. 
This  last  value  is  one  third  of  the  maximum  MR,  obtained 
for  a  100%  AF  coupled  (100)  oriented  Co/Cu  multilayer,^'' 
similar  to  the  results  for  (111)  oriented  Co/Cu  multilayers.*’^ 
Magnetization  experiments  indeed  confirm  (hat  approxi¬ 
mately  one  third  of  our  CIP  and  CPP  sample  is  AF  coupled. 
Just  as  in  the  Fe/Cr  case,  the  CPP-MR  is  larger  than  the 
CIP-MR:  we  find  98%  at  4  K  and  56%  at  room  temperature. 
One  should  note  again  that  these  are  as-measured  numbers 
and  hence  represent  minimum  values  for  the  intrinsic 
CPP-MR  of  Co/Cu(100). 

The  low  temperature  CPP-MR  of  Fe/Cr  has  been  dis¬ 
cussed  elsewhere  in  terms  of  models  based  on  spin- 
dependent  bulk  and  interface  scattering  parameters.®’^  Fig¬ 
ures  5  and  6  show  that  an  important  difference  between  the 
CPP-MR  of  our  Fe/Cr  and  Co/Cu  multilayers  is  the  tempera¬ 
ture  dependence.  Physically,  when  increasing  the  tempera¬ 
ture,  spin-flip  scattering  due  to  thermally  excited  magnons 
equalizes  the  two  spin  currents  (the  classical  spin-mixing  ef¬ 
fect)  and  also  reduces  the  spin-flip  diffusion  length  Igf.  The 
strong  decrease  with  temperature  of  the  Fe/Cr  CPP-MR  (a 
decrease  by  a  factor  of  5-7  over  the  temperature  range  stud¬ 
ied)  is  indicative  for  strong  electron-magnon  scattering.®  On 
the  other  hand,  the  Co/Cu  CPP-MR  decreases  only  by  a  fac¬ 
tor  2.  The  weaker  temperature  dependence  of  the  MR  of 
Co/Cu  multilayers  with  respect  to  that  of  Fe/Cr  multilayers 
also  is  a  general  trend  seen  in  CIP-MR  experiments.  The 
same  holds  for  the  anisotropic  MR  of  bulk  dilute  alloys 
based  on  Fe  or  Co.^’’^  These  observations  may  be  related  to 
the  relatively  large  magnon  scattering  for  Fe,  which  is  a 
weak  ferromagnet  [spin-up  (dj )  band  not  completely  filled], 
resulting  in  an  increased  spin  mixing  at  higher  temperatures. 

IV.  CONCLUSIONS 

We  have  discussed  the  fabrication  and  microstructuring 
of  pillar-shaped  structures  of  Fe/Cr  sputtered  multilayers  and 
of  Co/Cu  MBE  evaporated  multilayers  and  studied  the 


CPP-MR  effect  for  these  systems  from  4.K  up  .to  room  tem¬ 
perature.  The  CPP-MR  is  larger  than  the  CIP-MR  of  simi¬ 
larly  prepared  reference  samples,  certaiinly  at  low  tempera¬ 
ture  where  electron-magnon  scattering  is  minimum.  The 
temperature  dependence  of  the  CPP-MR  of  Fe/Cr  is  much 
stronger  than  that  of  Co/Cu,  which  may  be  attributed  to  the 
different  strength  of  electron-magnon  scattering  processes  in 
both  systems. 
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spin  polarization  of  gold  films  via  transported  (invited) 

, ,  Mark  Jphason. 

BellcorCf  331  Newman  Springs  Rd,  Red  Bank,  New  Jersey  07701 

The  spin -injection 'technique  has  been  adapted  to  a  thhi-film  geometry.  Measurements  of  the 
spin-coupled’ voltage  as  a  function  of  film  thickness  d  result  in  a  determination  of  the  spin 
diffiisibn  length' S,  =  with  D  the  electron  diffusion  constant,  in  polycrystalline  gold  films.  The 
conduction  electron  spin  relaxation  time  Tj  is  found  to  be  4.6±2.5X10““  s,  for  the  temperature 
range  4  K<r<70  K.  The  magnitude  of  is  large  enough  to  suggest  device  applications.  In  a 
three-terminal  trilayer  device,  ah  electric  cunent  Ig  biasing  a  thin  permalloy  film  injects 
spin-pola^ed  , electrons,  into  jold  films  of  thickness  100  nm«d^5.1  fim,  and  induces  a 
nonequUibriummagnetizatipn  M..  A  second  permalloy  film  detects  the  bipolar,  spin-coupled  voltage 
cy^=y8M/;^,. where  P  is.thejBohr  magneton,  x  the  Pauli  susceptibility  and  e  the  electron  charge. 
The  sign  of  7,  depends  onstlie  relative  orientation  of  the  magnetizations  of  the  permalloy  films.  In 
the  thin  limit,  d<:  the  magnitude  of  the  spin-coupled  impedance  Zs^VJIg  scales  inversely  with 
d.  In  the  thick  limit,  d>  8, ,  Z,  is  exponentially  diminished. 


I.  INTRODUCTION 

The  spin  injection  effect*  can  be  thought  of  in  two  parts. 
The  first  idea  is  that  there  is  a  relationship,  at  the  interface 
between  a  ferromagnetic  (F)  and  paramagnetic  (P)  metal, 
between  a  current  of  charges  (an  electric  current  Ig)  and  a 
current  of  magnetic  dipoles  (a  magnetization  current  /j^).  For 
example,  an  electric  current  driven  from  F  to  P  will  enter  the 
latter  with  a  net  spin  polarization.  After  Meservey  etal} 
showed  that  current  tunneling  out  of  a  ferromagnetic  elec¬ 
trode  was  spin  polarized,  Aronov^  proposed  the  generaliza¬ 
tion  that  any  transport  current  entering  a  nonmagnetic  metal 
(or  semiconductor)  from  a  fenomagnetic  metal  would  be  po¬ 
larized.  The  spin  injection  experiment*  was  the  first  empiri¬ 
cal  demonstration  of  this  fact.  Conversely  and  of  equal  im¬ 
portance,  the  presence  of  spin-polarized  conduction  electrons 
(equivalently  a  nonequilibrium  magnetization  M)  in  P  has  an 
effect  on  F.  Under  closed-circuit  conditions,  M  can  generate 
electric  currents,  and  under  open  circuit  conditions  it  can 
alter  the  chemical  potential  of  F.  Silsbee'*  predicted  this  con¬ 
verse  effect,  called  charge-spin  coupling,  and  the  spin  injec¬ 
tion  experiment  provided  the  first  empirical  proof  of  this  as 
well.  The  second  idea  is  that  one  can  use  charge-spin  cou¬ 
pling  to  study  details  of  conduction  electron  spin  transport  in 
the  nonmagnetic  material.  For  example,  the  experiments  of 
Ref.  1  measured  the  spin  relaxation  time  J]  in  bulk  Al.  Simi¬ 
larly,  the  value  of  Tj  reported  herein  for  gold  films  is  in 
agreement  with  the  spin-orbit  scattering  time  deduced  by 
weak  localization  experiments,  but  is  an  order  of  magnitude 
longer  than  a  theoretical  estimate. 

The  original  spin  injection  experiment  used  a  four-probe, 
injection/detection  scheme  with  a  ferromagnetic  current  in¬ 
jector  FI  and  a  ferromagnetic  counterelectrode  detector  F2, 
fabricated  on  bulk  samples.  A  constant  current  was  driven 
into  the  sample  in  a  steady  state,  and  three  method-,  were 
utilized  to  demonstrate  the  ide^  desaibed  above;  (i)  The 
axes  of  magnetization  A/j  and  M2  of  FI  and  F2  were  inde¬ 
pendently  manipulated,  causing  changes  in  the  detected '  olt- 
age  (or  current);  (ii)  the  distance  between  FI  and  F2  was 
varied,  resulting  in  a  magnitude  of  the  detected,  spin-coupled 
signal  that  decreased  as  the  interprobe  distance  increased; 


(iii)  a  transverse  magnetic  field  was  applied  causing  the  spin- 
polarized  electrons  to  precess,  and  resulting  in  a  spin- 
coupled  signal  that  varied  as  a  function  of  external  field. 

In  this  article,  the  adaptation  of  the  spin  injection  tech¬ 
nique  to  a  thin-film  geometry^  is  presented.  Once  again,  each 
of  the  three  methods  listed  above  has  been  used  to  demon¬ 
strate  the  validity  of  the  spin  injection  ideas  in  this  new 
geometry.  The  observed  spin-coupled  signals  are  so  large 
that  spin  dynamics  dominates  over  charge  dynamics;  the 
large  magnitude  of  the  effect  may  make  it  appropriate  for 
device  applications.®  Finally,  several  samples  have  shown 
strong  magnetic  anisotropies.  Because  these  anisotropies  can 
affect  implementation  of  the  spin  injection  technique,  ex¬ 
amples  are  discussed. 

II.  CHARGE-SPIN  COUPLING 

The  technique  is  conceptualized  with  the  aid  of  Fig.  1.*’® 
Figure  1(a)  depicts  a  cross-sectional  view  of  a  pedagogical, 
three-terminal  device.  Nonmagnetic  metal  film  P  (a  Pauli 
paramagnet)  is  sandwiched  between  two  ferromagnetic  films 
FI  and  F2.  Each  ferromagnetic  film  is  a  single  domain,  and 


FI  P  F2 


FIG.  1.  (a)  Pedagogical  model  of  three-terminal  device.  Anows  in  FI  and 
F2  refer  to  magnetization  orientation  as  determined  by  majority  spin  sub¬ 
band.  (b)  Diagrams  of  the  densities  of  state  N{E)  as  functions  of  energy  E 
of  the  ferromagnet-paramagnet-fenomagnet  system  depicted  in  (a). 
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the  axi«  of  magnetization  p£each  film,  Mj  and  M2>  in  the  with  that  of  P.  If  this  did  not  occur,  there  would  be  a  back¬ 
plane  of  the  film.  For  smplicity  we  consider  the  case  where  flow  of  spin-polarized  electrons  from  P  to  FI.  In  more  pre- 

Mi  points  down  arid  M2  points  either  down  or  up.  A  battery  cise  terms,’  there  is  a  generalized  thermodynamic  force  F„ 

is  connected  as  shown,  arid  a  third  wire  is  attached  to  F2  and  associated  with  M  which  acts  to.drive  up  spins  back  into  FI. 

leads  to  a  gedanken  voltmeter^  orie  which  can  read  the  volt-  Because  spin  and  charge  are  attached  to  the  same  carrier,  the 

age  Fp2  of  w;ith  a  single  input  and  does  not  need  a  ground.  electron,  this  for^  also  acts  as  an  electrical  impedance  which 

Details  of  charge  andispin  transport,  and  of  the  effect  of  appears  as  an  interfacial  resistance  at  the  Fl-P  interface, 

cunent  transport  on  Vf2,  can  be  understood  by  using  the  Tims,  a  constant-current  source  encounters  an  extra,  spin- 

microscopic  model  depicted  with  density-of-state  diagrams  coupled  impedance  which  is  labeled  in  the  figure  as  Zj  and  is 

in  Fig.  1(b).  For  the  sake  of  simplicity  this  model  has  ne-  calculated  below.  This  can  be  pictured®  as  a  “spin  bottle- 

glected  the  resistarice  of  the  filriis  and  of  the  interface  be-  neck:”  The  buildup  of  spins  acts  to  impede  the  continued 

tween  the  films,’  and  it  assumes  there  is  no  spin  scattering  at  flow  of  spins  (and  therefore  of  electrons)  into  the  region.  It  is 

the  interface'  itself.  The  diagrams  have  been  drawn  out  of  important  to  note  that  charge-spin  coupling  occurs  at  the 

proportion  to  deriionstrate  the  nonequilibrium  effects.  The  Fl-P  interface,  and  the  effect  has  been  observed®  in  a  bilayer 

faint  diagrams  in  the  background  represent  the  state  of  the  geometry  (with  F2  absent). 

device  when  the  switch  is  open.  The  ferromagnets  are  de-  When  A/j  and  M2  are  parallel,  the  chemical  potential  of 
picted  in  a  band  model  where  the  majority  spin  subband  lies  F2  rises  so  that  its  up-spin  subband  chemical  potential  aligns 
entirely  belowHhe  Fermi  level.  This  would  be  appropriate,  with  that  of  P  [Ff  i,f2  Kb)].  If  the  floating  probe  to  F2 
though  oversimplified,  for  the  3d  band,  or  a  hybridized  s-d  were-.to  be  short  circuited  to  ground,  a  current  of  upspins 

band,  of  transition-metal  fen’omagnets  such  as  Ni,  Fe,  Co,  or  would  be  driven  through  F2  to  ground.  By  imposing  an 

an  alloy  such  as  Permalloy  Ni;,Fei_,.  The  paramagnet  is  open-circuit  condition  on  the  probe  at  F2,  no  current  can 

represented  with  a  free-electron  model.  With  the  switch  flow  and  the  chemical  potential  of  F2  must  rise  by  an  amount 

open,  the  Fermi  levels  of  the  contiguous  metals  align  with  where  Vp2~^^s  ■  Similarly,  when  M,  and  M 2  are  an- 

value  Ep  q.  tiparallel,  the  chemical  potential  of  F2  must  lower  so  that  its 

When  the  switch  is  closed,  /,  is  driven  from  FI  into  P  down-spin  chemical  potential  aligns  with  that  of  P.  For  ori- 

and  returns  back  to  the  battery.  However,  current  transport  entations  of  M  j  and  M 2  that  vary  between  parallel  and  anti¬ 
involves  only  electrons  within  a  thermal  energy  range  parallel.  Vj2  will  vary  as  Vp2=/Zj  cos  d,  where  ^ is  the  angle 

EptkpT,  where  /:g  is  Boltzmann’s  constant  and  T  is  tern-  between  Mj  and  M2.  The  change  of  chemical  potential  has 

perature.  Since  the  down-spin  subband  is  well  below  £p,  derived  ’  to  be  rj2^Mlx-  Some  physical  insight 

only  the  up-spin  subband  is  available  to  carry  the  current.  gained  by  noting  that  Mix  has  the  units  of  magnetic 

Thus,  the  electric  current  is  spin  polarized;  it  is  a  current  of  thought  of  as  the  effective  magnetic  field 

oriented  magnetic  dipoles,  ViPIJe-  Here  v  is  a  phe-  associated  with  the  nonequilibrium  spins.  Then  pMIx  is  the 
nomenological  parameter,*  v=(J\ with  7,4  effective  Zeeman  energy  of  a  spin-polarized  electron  in  the 

the  current  densities  of  each  spin  subband,  which  describes  presence  of  the  effective  field  of  all  of  the  other  nonequilib- 

the  efficiency  of  spin  transport.  In  the  simplified  model  of  ®Pi”®  i®  ii*®  source  of  the  thermodynamic  force 

Fig.  1(b)  j;=  1,  but  more  generally  the  magnitude  of  77  can  be  Combining  the  above  expressions  for  >  M,  and  > 

diminished  by  current  contributions  from  the  other  spin  sub-  ^  free-electron  expression  for  susceptibility, 

band  and  H^l.  Conceptually,  the  ferromagnetic  film  FI  acts  ^  ^nllEp ,  where  n  is  the  density  of  conduc- 

as  a  spin  polarizer  in  a  manner  loosely  analogous  to  a  polar-  electrons,  one  finds  (for  the  case  d<  SJ 

izing  film  for  light,  but  with  the  important  difference  that  pg2 

conduction  electrons  move  diffusively,  in  contradistinction  ^s-~r  ~ — t~  TT~n  >  (1) 

With  photons.  ^ 

The  thickness  d  of  P  is  chosen  to  be  less  than  a  spin  where  the  second  form  has  used  an  Einstein  relation  for  the 

depth  4,  the  characteristic  length  over  which  an  electron  resistivity  of  the  gold,  p=\le~DN{EF).  Note  that  Fj  is  ex¬ 
can  diffuse  before  the  orientation  of  its  spin  is  randomized  by  pected  to  be  linear  with  4  and  should  have  units  of  imped- 

scattering.  In  the  vicinity  of  FI,  in  a  steady-state  process,  ance,  and  that  the  magnitude  of  Z^  is  inversely  proportional 

polarized  spins  are  constantly  being  added  to  P  at  a  rate  ,  to  the  sample  dimensions  A  and  d.  This  follows  from  the  fact 

and  the  polarization  is  being  lost  because  of  random  scatter-  that  M  has  dimensions  of  magnetic  dipoles  per  unit  volume, 

ing  at  a  rate  l/T] .  As  a  result,  a  nonequilibrium  magnetiza-  so  that  a  constant  number  of  nonequilibrium  spins  will  result 

tion  builds  up  in  P,  M^l^Ti/Ad,  where  A  is  the  area  of  in  a  larger  value  of  M  when  the  volume  is  diminished.  In 

contact  and  A  7  is  the  volume  that  the  spins  occupy  in  P.  This  addition,  recall  that  Eq.  (1)  was  derived  for  the  thin  limit 

is  depicted  in  Fig.  1(b),  where  the  net  increase  in  occupation  case,  d<S,.  The  density  of  nonequilibrium  spins  decreases 

of  the  up-spin  subband  is  offset  by  a  decrease  in  occupation  exponentially  as  a  function  of  thickness,  so  that  a 

of  the  down-spin  subband  so  that  charge  neutrality  is  pre-  measurement  of  the  diminished  value  of  Vf2  at  thicknesses 

served.  In  Fig.  1(a)  the  nonequilibrium  spin  magnetization  is  d>Ss  gives  a  direct  measurement  of  . 

represented  by  the  dotted  “cloud”  in  P.  In  order  to  measure  the  floating  voltage  Fp2  neces- 

The  rise  in  the  up-spin  subband  chemical  potential  of  P  sary  to  define  a  ground.  A  logical  choice  would  be  the  base 

has  an  effect  on  FI:  The  chemical  potential  of  FI  must  rise  of  P  [point  A  in  Fig.  1(a)].  With  this  choice,  the  bipolar 

so  that  the  chemical  potential  of  its  up-spin  subband  aligns  voltage  will  be  superposed  on  top  of  the  ohmic  voltage 
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FI  P  N 


FIG.  2.  (a)  The  geometry  used  to  measure  Vpj.  P  is  depicted  transparent,  (b) 
Diagrams  of  the  densities  of  &i&leN{E)  showing  how  the  chemical  potential 
of  N  always  align  with  the  average  chemical  potential  in  P. 


drop  IfR  from  the  sheet  resistance  R  of  P.  Data  of  this  kind 
are  presented  below,  but  it  is  preferable  to  demonstrate  di¬ 
rectly  the  bipolarity  of  .  Although  grounding  to  point  B 
would  be  a  suitable  choice,  the  best  method  of  grounding  is 
depicted  in  Fig.  2(a):  Vp2  is  measured  with  respect  to  a  nor¬ 
mal  metal  counterelectrode  N  whose  chemical  potential 
is  always  aligned  with  the  average  chemical  potential  of 
P[£f.P  in  Fig.  2(b)]. 

Next,  it  is  necessary  to  manipulate  the  orientations  of 
Mj  and  Mi-  Bach  film  can  be  characterized  by  a  coercivity 
Hc,i ,  and  application  of  an  external  field  H  in  the  plane  of 
the  films  will  result  in  Mi  and  Mi  traversing  the  hysteresis 
loops  sketched  in  Fig.  3(a).  When  FI  and  F2  are  composed 
of  the  same  material,  the  voltage  Vp2  is  expected  to  be  posi¬ 
tive  whenever  the  orientations  A/,  are  aligned,  and  negative 
when  antialigned  [Fig.  3(b)].  This  effect  was  demonstrated  in 
the  original  spin  injection  experiment.*  Since  antiparallel  ori¬ 
entation  occurs  only  over  the  field  range  //<._2~Wc,i  il  i® 
necessary  to  maximize  this  difference  by  fabricating  films 
with  differing  values  //<._,• .  This  can  be  achieved  by  using 
shape  anisotropies,  by  using  different  materials  for  FI  and  F2 
(with  intrinsically  different  coercivities),  or  by  using 
anisotropies  associated  with  the  substrate  or  with  deposition 
conditions.  The  effect  of  anisotropies  on  the  qualitative  char¬ 
acteristics  of  the  signals  is  discussed  in  Sec.  V. 


FIG.  3.  (a)  Hysteresis  loops  for  FI  (dashed)  and  F2  (solid).  Anows  repre¬ 
sent  parallel  and  antiparallel  orientations  of  FI  and  F2.  (b)  Expected  shape 
of  signal  for  sweeping  up  in  fieid. 


Field  (Gauss) 


FIG.  4.  Data  from  a  sample  with  0.098  /im.  Under  constant  bias  current, 
the  voltage  is  recorded  as  the  magnetic  field  is  changed.  7=0.2  mA.  (a)  An 
example  of  data.  Solid  line:  sweeping  up  in  field;  dotted  line;  sweeping 
down,  (b)  An  example  of  a  memory  effect.  Solid  line:  sweeping  up  in  field; 
dotted  line:  sweeping  down;  solid  symbols:  field  sweep  in  halted;  (inset); 
expanded  view  of  the  feature  at  17±2  G  in  (a). 


III.  EXPERIMENT 

The  samples  were  fabricated  on  sapphire  substrates.  The 
ferromagnetic  films  FI  and  F2  of  four  samples  were  com¬ 
posed  of  Permalloy  which  was  deposited  in  a  vacuum  of 
~10~^  Torr  by  e-beam  evaporation  from  a  single  source  of 
Ni79Fe2t,  and  had  thicknesses  of  70  nm.  A  fifth  sample  used 
Permalloy  for  FI  and  Co  for  F2.  The  coercivities  of  test  films 
of  Permalloy  and  Co  were  of  order  10  G.  The  gold  films 
were  deposited  by  thermal  evaporation  from  5-9’s  gold  after 
cleaning  the  Permalloy  base  electrode  with  an  7^-ion  mill. 
The  geometry  was  defined  using  photolithography  and  liftoff 
to  create  “windows”  in  insulating  films  of  AI2O3.  These 
windows  had  area  A  =  10“^  mm^.  The  voltage  measurements 
were  made  with  two  rf  superconducting  quantum  interfer¬ 
ence  device  (SQUID)***  amplifiers,  and  one  of  these  was  cali¬ 
brated  by  measuring  the  resistance  of  a  gold  wire.  This  cali¬ 
bration  also  verified  the  polarity  of  the  voltage 
measurements. 

M  example  of  data  is  shown  in  Fig.  4(a).  The  signals 
were  linear  with  current,  and  the  signal  magnitude  is  given  in 
units  of  impedance.  Currents  of  typically  0.1-10  mA  were 
used,  and  voltages  of  order  10"®-10“^  V  were  recorded;  the 
dynamic  range  of  the  SQUID  voltmeters  is  10“’  V  and  this 
was  the  only  limit  to  the  voltage  magnitudes  observed.  The 
shape,  width,  and  sign  of  the  data  of  Fig.  4(a)  conform  to  the 
expectations  of  a  spin  injection  signal  [Fig.  3(b)],  and  similar 
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signals  were  recorded^for  sweeps  of  magnetic  field  along  x 
and  z  (i.e.,  sweeps  in  the  plane  of  the  films).  Note  that  the 
signal  is  bipolar.  The  nonzero  median  is  consistent  with  a 
slight  asymmetry  in  the  placement  of  the  “windows”  F2  and 
N  [refer  to  Fig'i.,2(a)].  cause  the  coerciyities  of  FI  and  F2 
are  so  close  in  value,  ihe  spin-coupled'  sig)ial  is  observed 
only  over  a  small  range  G-  The  observed  sig¬ 

nals  must  represent  a  lower/limit  of  the  actual  value  of 
because  it  is  impossible  to  know  whether  the  films  are  com¬ 
pletely  antiparallel.  Despite  .this  possible  source  of  error,  the 
signals  were  quite  reproducible,  typically  ±25%,  and  consis¬ 
tent  from  sample  to  sample. 

An  example  of  a.  memory  effect  is  shown  in  Fig.  4(b). 
Initially  the  external  field  was  negative,  and  both  and  M2 
were  oriented  along  —H  [refer  also  to  Fig.  3(a)].  An  increas¬ 
ing  field  sweep  is  halted  when  the  voltage  begins  to  drop  due 
to  the  realignment  of  one  of  the  films  in  the  vicinity  of 
H=+Hc,i.  Reversing  the  field  sweep  results  in  a  low  volt¬ 
age  value  until  this  film  reorients  at  and  the 

original  voltage  is  recovered.  Note  the  existence  of  two 
stable  voltage  states,  associated  with  two  stable  magnetiza¬ 
tion  states,  at  /f=0.  The  fact  that  these  two  states  differ  by 
less  than  the  full  voltage  dip  2/Z^  is  probably  because  Hc,i 
and  Hc^2  so  close  in  value  that  FI  (or  F2)  had  not  com¬ 
pletely  flipped  its  orientation  at  the  point  where  the  external 
field  sweep  was  reversed. 

IV.  QUANTITATIVE  ANALYSIS 

From  Eq.  (1)  we  see  that  the  magnitude  of  Z^  is  propor¬ 
tional  to  the  parameters  and  Ti.  While  j/ should  be  tem¬ 
perature  independent,  a  simple  picture  of  spin  scattering  in 
metals  suggests  that  any  scattering  event  has  a  small,  con¬ 
stant  probability  a,  of  flipping  a  spin,  and  therefore 
=  where  ris  a  scattering  time  derived  from 
Matthiessen’s  rule.  It  follows  that  Zj«t,  and  in  this  approxi¬ 
mation  Zj(7')  should  have  the  same  temperature  dependence 
as  the  electrical  conductivity  a  of  the  gold,  which  also  is 
linearly  proportional  to  r.  Figure  5(a)  demonstrates  the  com¬ 
parable  temperature  dependence  of  Z^iJ)  and  (t{T)  over  the 
experimental  range  4  K<7’<70  K. 

The  expression  in  Eq.  (1)  predicts  that  the  prr/iuct  Z^Ad 
should  be  constant  as  a  fhnciion  of  d,  for  thicfciesses  d<S,. 
This  scaling  is  demonstrated  in  Fig.  5(b),  where  the  open 
symbols  refer  to  comparable  samples  (FI  and  F2  are  both 
permalloy).  It  is  interesting  to  note,  in  Fig.  5(b),  that  the 
resistance  across  the  thickness  of  the  1.6-/im-thick  film  is 
about  1.3  fj£l,  somewhat  smaller  than  the  3.5  ±0.5  /tft  spin- 
coupled  impedance,  but  of  the  same  order  of  magnitude. 
However,  the  resistance  across  the  gold  film  decreases  lin¬ 
early  with  decreasing  thickness  d  whereas  Z^  increases  in 
proportion  to  1/d.  Thus,  at  a  thickness  of  about  100  nm  the 
spin-coupled  voltage  is  three  to  four  orders  of  magnitude 
larger  than  the  resistive  voltage  drop;  spin  dynamics  domi¬ 
nate  charge  dynamics  in  this  system. 

The  spin  depth  may  be  determined  by  fitting  the  data  of 
Fig.  5(b)  to  Eq.  (1)  in  the  thin  limit,  d<l  /tm,  and  to  the 
thick  limit  form,^  Z,={r]iT]2p8JA)e~’‘'^\  for  d>l  fm. 
The  best  fit  gives  the  result  5j=1.5±0.4  )iim.  The  spin  relax¬ 
ation  time  can  be  calculated  from  the  expression  S, 


d  (pm) 


FIG.  5.  (a)  Comparison  of  a{T)  (left-hand  axis;  0)  with  ZJJ)  (right-hand 
axis;  A)  for  4=1.6  pm  sample,  (b)  Z^d  as  a  function  of  d.  Z,  is  referred 
to  the  cunent  through  a  single  window.  Open  symbol:  FI  and  F2  are  Per¬ 
malloy;  solid  symbol;  F2  is  Co. 


=  yjOTx  »  V(yf7‘/3)7’],  where  vp  is  the  Fermi  velocity.  Us¬ 
ing  a  Drude  time  for  t  (and  values  of  p  measured  on  test 
strips)  one  finds,  for  the  temperature  range  4  K<7’<70  K, 
rj=4.6±2.5X10“‘‘s,andfl,,Au‘*  2  X  10•^ 

A  comparison  can  now  be  made  between  the  observed 
magnitude  of  the  effect  and  that  predicted  by  Eq.  (1).  Using 
the  above  value  for  T] ,  the  largest  magnitude  predicted,  for 
the  optimum  value  |77|=1,  is  Z^</‘=«3X10"^  tl  /xa?.  How¬ 
ever,  the  signals  in  Permalloy-Au-Permalloy  samples  are 
about  three  times  larger,  and  in  the  Permalloy-Au-Co  sample 
it  is  about  12  times  larger,  than  predicted  by  theory.  I  note 
that  the  theory  has  used  a  simplified  expression  for  x>  and 
has  neglected  many-body  effects.  Furthermore,  the  discrep¬ 
ancy  suggests  the  possible  existence  of  a  mechanism  (such  as 
Overhauser  coupling  to  the  nuclear  spins  or  phonon  trap¬ 
ping)  that  enhances  the  value  of  Tj  in  the  thin  limit  over  that 
in  the  thick  limit. 

The  theory  of  spin  relaxation  in  metals  implies  that  the 
spin-orbit  interaction  in  gold  should  be  the  dominant  spin 
scattering  effect  and  predicts  a  high  scattering  probability” 
"j.Au  “  5  X  10"^.  The  observed  probability  2 

X  10"^  is  significantly  smaller  than  expected,  but  is  in  good 
agreement  with  weak  localization  studies*^  of  gold  films 
which  have  measured  a  ratio  7/Tso=8X10”^  where  is  the 
spin-orbit  scattering  time.  I  note  that  is  not  identically  the 
same  as  1),  though  Tj  should  approach  in  the  limit  of 
strong  spin-orbit  interactions. 

The  surprisingly  long  value  measured  for  is  intrigu¬ 
ing,  and  experiments  were  performed  on  Nb  samples  in  an 
effort  to  further  test  this  result.  Niobium  was  chosen  because 
its  resistivity  is  about  ten  times  greater  than  gold  (t  is  ten 
times  smaller),  but  the  atomic  number  is  smaller  so  the  spin- 
orbit  effect  should  be  less  important.  The  magnitude  of  the 
product  Zy4d  for  Nb  was  two  to  four  times  larger  than  for 
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FIG.  6.  Field  sweep  along  y  axis  of  Nb  sample  with  d=940  nm  showing  a 
feature  with  characteristics  of  a  Hanle  effect.  The  half-width  at  half¬ 
maximum  (HWHM)  is  marked.  Inset:  raw  data.  The  sloped  baseline  prob¬ 
ably  results  from  and/or  tipping  out  of  the  film  plane. 

Au,  Data  for  five  samples  were  quantitatively  analyzed  (us¬ 
ing  17=2,  as  deduced  herein  for  Permalloy- Au-Permalloy 
structures)*^  to  deduce  T 1 ,  finding  a  value  ranging  from  4.8 
to  6.3X10~*®  s  for  four  thin  samples,  each  with  residual 
resistivity  ratio  (RRR)  of  about  2,  and  7'j  =  1.4X10“®  s  for  a 
thick  sample  (dNb=940  nm,  RRR<«4).  A  corroborating  mea¬ 
surement  of  Ti  was  made  on  the  thick  sample  by  applying  a 
magnetic  field  along  y,  transverse  to  the  plane  of  the  injected 
spin  polarization.  A  feature  appeared  (Fig.  6)  whose  charac¬ 
teristics  were  consistent  with  a  Hanle  effect,*  and  had  a  half¬ 
width  at  half-maximum  MyTi^lO  G  corresponding  to 
72=7X10“*'*  s,  in  fair  agreement  with  the  value  of  Tj  de¬ 
duced  from  the  amplitude.*'*  This  value  of  Tj  agrees  with  the 
limit  rj>10“**  s  established  by  transmission  electron-spin- 
resonance  (TESR)  studies  of  Cu-Nb  bilayers,*^  and  corre¬ 
sponds  to  a  spin-flip  probability  of  about  aNb'^2xlO“^. 

In  summary,  all  deduced  values  of  are  surprisingly 
long  but  reasonable,  and  values  of  rj  are  enhanced  above 
their  theoretically  limiting  value  of  1  by  factors  of  2-6.  The 
observations  flNb'^^Au  is  qualitatively  consistent  with  the 
idea  that  spin-orbit  interactions  contribute  to  spin  scattering, 
but  the  value  of  T 1  measured  in  Au  is  longer  than  a  spin-orbit 
calculation  predicts. 

V.  EFFECT  OF  MAGNETIC  ANISOTROPIES 

Many  samples  (particularly  Nb)  have  exhibited  strong 
magnetic  anisotropies  (easy  and  hard  axes  of  magnetization 
of  FI  and  F2).  Because  of  the  importance  of  manipulating 
Mi  in  implementing  the  spin  injection  technique,  examples 
of  these  anisot  opies,  and  their  qualitative  effect  on  the  spin 
coupled  signal,  are  briefly  discussed.  Data  which  imply  that 
both  FI  and  F2  have  an  easy  magnetization  axis  along  z  and 
a  hard  axis  along  x  are  shown  in  Fig.  7(a),  and  can  be  inter¬ 
preted  in  the  following  way.  The  dotted  trace  was  taken 
sweeping  H  down  along  the  z  axis  over  a  large  field  range. 
In  these  experiments  the  detector  ground  was  downstream 
from  the  injector  [point  A  in  Fig.  1(a)],  so  the  bipolar  spin- 
coupled  signal  is  superposed  on  the  ohmic  resistance  of  a 
portion  of  the  Nb  film,  R*«42.7  mft.  The  changing  orienta- 
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FIG.  7.  Examples  of  magnetic  anisotropies  (easy  and  hard  magnetization 
axes)  in  Nb  samples,  (a)  Geometry  with  Vpz  grounded  at  point  A  of  Fig. 
1(a).  Dotted  line;  sweeping  field  down  along  z;  solid  line;  sweeping  field 
down  along  x.  (b)  Example  of  anisotropy  axes  oriented  about  45°  to  sample 
axes.  Field  sweeps  along  x  and  z  had  qualitatively  similar  shapes.  Here, 
sweep  is  along  z.  Geometry  of  Fig.  2(a).  An  offset  of  205  /dl  results  from 
imperfect  window  alignment  and  has  been  subtracted  from  the  baseline. 
Solid  line;  sweeping  up  in  held;  dotted  line:  sweeping  down. 

lion  of  Mx  and  M2  is  modeled  with  the  anows  at  the  top  of 
the  figure.  These  arrows  correspond  to  the  overall  sequence 
of  changes  of  Mx  and  M2 ;  the  location  of  any  pair  of  arrows 
is  not  intended  to  be  associated  -..’th  the  corresponding  field 
value. 

The  solid  trace  was  taken  sweeping  H  down  along  the  x 
axis.  Values  of  the  baseline  resistance  (at  ±300  G)  were 
confirmed  using  dc  /-V  measurements.  Beginning  at  the 
right,  an  applied  field  of  300  G  is  insufficient  to  orient  Mi 
and  M2  along  x,  their  hard  axis;  Mx  {M2)  is  oriented  about 
±35®  relative  to  +x  [refer  to  the  arrows  at  the  bottom  of  Fig. 
7(a),  which  represent  the  sequence  of  changes  of  Mi  and 
M2]  and  Vj  is  small.  As  is  diminished.  Mi  and  M2  rotate 
further  away  from  x,  in  opposite  directions,  in  order  to  align 
with  their  easy  axis  z.  When  Mx  and  M2  tire  perpendicular 
Vj=0  (the  measured  signal  is  entirely  from  the  spreading 
resistance,  R’^42J  mfl),  and  as  0  opens  up  past  %°,  Vj 
becomes  negative.  At  about  Hx=-20  G,  Mx  and  M2 
both  oriented  along  z,  in  opposite  directions,  and  Vj  reaches 
its  full  negative  value  (corresponding  to  the  signal  minimum, 
V=/R- 1  Vj|).  This  is  verified  by  comparison  with  the  full 
negative  value  of  Vj  as  measured  by  sweeping  H  along  z, 
i.e.,  comparison  with  the  minimum  value  of  the  dotted  curve. 
Once  oriented  along  z  it  is  easy  for  Mi  and  M2  to  flip  by 
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180°.  The  orientation  ofMj  flips  at  a  slightly  different  value 
tbw^^at  of  M2  so  that  for  a  small  field  range,  -  22±  2 

G,  Ml  and  M2  are  par^lel  and  Vj  reaches  its  full  positive 
value  (compare  with  the  sign^  maximum,  as  determined  by 
the  z  sweep).  As  is  further  inaeased  along  -x.  My  and 
M2  rotate  away  from  z  to  an  orientation  nearly .perpendicu-, 
lar,  and  again  the  contribution  to  the  signal  provided  by  is 
nearly  zero.  Further  inaeasing  H  along  -x  gradually  pulls 
Ml  and  M2  into  closer  alignment  al6hg  —x  and  Fj  gradually 
increases.  This  interpretation  relies  on  two  reasonable  as¬ 
sumptions,  as  follows. 

(i)  The  field  axes  are  not  exactly  aligned  with  the  anisot¬ 
ropy  axes.  Thus,  a  field  (~Hx)  has  a  small  component 
Hz'  (  “  H^i)  along  the  easy  axis  of  FI  causing  M,  t*  flip 
near^f^=0.  In  one  sample,  the  field  axes  were  oriented  about 
45°  with  respect  to,  the  sample  axes  [refer  to  Fig.  7(b)],  sup¬ 
porting  the  assumption  that  the  field  and  anisotropy  axes 
need  not  be  well  aligned. 

(ii)  FI  and  F2  are  weakly  coupled  by  magnetostatics,  so 
that  stray  fields  from  the  edges  of  FI  induce  the  orientation 
of  M2  to  be  antiparallel  with  that  of  FI.  The  effect  of  weak 
coupling  will  be  to  result  in  the  flip  of  M2  (along  z)  follow¬ 
ing  that  of  Ml . 
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A  systematic  study  of  transport  and  magnetic  properties  of  polycrystalline  Sm2_,Ce,Cu04_y 
(0.15^«^0.18)  specimens  obtained  from  a  sol-gel  precursor  reveals  a  striking  double  resistive 
superconducting  transition.  One  of  the  resistive  transitions  takes  place  at  a  temperature  Tci  and  is 
almost  insensitive  to  Ce  concentration,  applied  magnetic  field,  and  cunent  density,  while  the  other 
transition  occurs  at  a  lower  temperature  T^j  and  is  very  sensitive  to  Ce  content,  applied  magnetic 
field,  and  current  density.  Alternating-current  magnetic  susceptibility  Xk  measurements  reveal  two 
interesting  features.  There  is  only  one  contribution  to  the  diamagnetic  signal  below  ~20  K,  which 
is  particularly  evident  in  the  resistive  component  y'  of  Xac  where  a  peak  at  can  be  identified.  The 
application  of  an  applied  magnetic  field  shifts  the  y  peak  to  lower  temperatures  and  reveals  a 
spin-glass-like  behavior.  All  the  results  can  be  satisfactorily  explained  in  terms  of  weakly  linked 
Josephson  junctions  between  small  superconducting  islands.  The  small  islands  have  a 
superconducting  transition  at  a  higher  temperature  T^,  and  the  long-range  phase  coherence  is 
achieved  through  Josephson  coupling  at  lower  temperatures  T^y.  All  the  results  suggest  a 
superconducting  glass  state  in  a  disordered  Josephson  network. 


The  occurrence  of  the  double  resistive  superconducting 
transition  in  polycrystalline  samples  of  Sm2_;cCe;tCu04_y 
(0.13^x^0.20)  (Refs.  1-4)  opens  up  a  wide  area  of  inves¬ 
tigation  in  these  electron-doped  superconductors.  This  be¬ 
havior  is  easily  seen  in  electrical  resistivity  piT)  measure¬ 
ments  which  reveal  two  well-defined  drops  in  p(r)  before  the 
system  attains  the  zero-resistance  state.*  The  first  drop, 
which  occurs  at  an  upper  transition  temperature  Tci,  has  been 
attributed  to  a  genuine  superconducting  phase,^  and  a  ~25% 
drop  in  the  magnitude  of  p(T)  is  often  observed  at  Tc-  Be¬ 
low  this  temperature,  it  has  been  suggested  that  the  sample  is 
comprised  of  small  superconducting  islands  embedded  in  a 
nonsuperconducting  host,  and  p(T)  exhibits  a  well-defined 
plateau  down  to  a  lower  transition  temperature  Tcy.*’^  It  is 
also  believed  that  Josephson  coupling  develops  at  Tep  and  a 
second  ~75%  sharp  drop  in  p{T),  culminating  in  the  zero- 
resistance  state,  is  frequently  observed.*’^’^  The  above  expla¬ 
nation  involving  small  superconducting  islands  embedded  in 
a  nonsuperconducting  host  is  useful  in  separating  contribu¬ 
tions  from  inter-  and  intragrain  properties.  One  important 
point  in  such  a  separation  is  that  both  7^  and  Tej  can  be 
controlled  by  means  of  Ce  doping*’^  or  oxygen  removal.® 
This  provides  the  unique  opportunity  to  investigate  proper¬ 
ties  arising  from  both  contributions  individually:  the  genuine 


**On  a  RHAE/CNPq  (Brazil)  fellowship. 


superconducting  phase  and  the  disordered  Josephson- 
coupled  network. 

In  this  work,  we  will  focus  on  additional  properties  of 
the  disordered  Josephson-coupled  network  shown  in  poly¬ 
crystalline  samples  of  Sm2_^Ce^Cu04_y  (0.15^x^0.18) 
obtained  from  a  sol-gel  precursor.  We  found  that  all  the 
samples  exhibit  a  double  resistive  superconducting  transi¬ 
tion,  suggesting  an  intrinsic  property  of  these  polycrystalline 
samples.  From  results  of  ac  magnetic  susceptibility  measure¬ 
ments,  the  resistive  y  component  peaks  only  at  the 
Josephson-coupling  temperature  Tej,  demonstrating  that  the 
superconductivity  is  confined  to  small  islands  within  grains. 
In  addition,  a  field  dependence  of  the  y  peak  provides  clear 
evidence  that  all  these  samples  can  be  understood  within  a 
superconducting  glass  scenario. 

Polycrystalline  samples  of  Sm2_;(Ce;fCu04_y 
(0.15^^0.18)  were  prepared  using  the  sol-gel  route.  Sto¬ 
ichiometric  amounts  of  the  nitrates  Sm(N03)3'6H20, 
(NH4)2Ce(N03)6,  and  Cu(N03)3 -31120  were  dissolved  in 
=»200  ml  of  water.  A  50  mol  %  excess  of  citric  acid  was 
added  to  the  solution  until  it  was  completely  dissolved  under 
stirring  and  low  heating.  Afterwards,  excess  ethylene  glycol 
was  added  to  the  solution.  Decomposition  of  nitrates  and 
evolution  of  NO2  occurred  when  the  solution  was  placed  on 
a  hot  plate  and  stirred  magnetically,  until  the  solution  became 
colloidal.  Thereafter,  this  solution  was  transferred  to  an  alu¬ 
mina  crucible  and  placed  in  a  box  furnace  and  the  tempera- 
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FIG.  1.  Temperature  dependence  of  electrical  resistivity  p(X)  for  polycrys¬ 
talline  samples  of  Sm2.,Ce;tCu04.y,  (a)  jr=0.16,  (b)  jr=0.17,  and  (c) 
x=0.18.  The  two  transition  temperature  and  T^j  are  indicated.  Excitation 
currents  of  0.1  and  10  mA  are  also  indicated  in  the  figure. 

lure  raised  to  ~500  “C.  At  this  temperature,  the  organic  pre¬ 
cursor  partially  decomposed  into  the  simple  oxides  with 
consequent  formation  of  a  dark  powder.  The  powder  was 
sintered  at  1000  °C  for  four  days  with  intermediate  grinding. 
A  slight  reduction  of  the  oxygen  is  necessary  to  induce  su¬ 
perconductivity  in  these  compounds.  Sample  disks  were 
placed  in  a  ceramic  boat  in  a  tube  furnace  with  flowing  he¬ 
lium  gas,  and  heated  at  a  constant  temperature  of  950  °C  for 
20  h.  The  disks  were  split  in  two  and  then  cooled  to  room 
temperature  for  either  1  or  2  h.  Further  details  of  this  chemi¬ 
cal  route  and  the  reduction  processes  employed  for  these 
samples  are  given  elsewhere.'*  All  samples  were  character¬ 
ized  by  x-ray  diffraction  using  Cu  radiation  on  a  Rigaku 
RU-200B  diffractometer  and  had  no  additional  phases  except 
for  the  x=0.18  sample,  which  had  small  amounts  of  a 
Smj  _;tCejOy  spurious  phase.’ 

Electrical  resistivity  as  a  function  of  temperature,  p(r), 
was  measured  with  a  Linear  Research  LR-400  ac  bridge  op¬ 
erating  at  a  frequency  of  16  Hz.  The  excitation  current  could 
be  adjusted  over  several  orders  of  magnitude.  Alternating- 
current  magnetic  susceptibility  measurements,  made  on 
bar-shaped  samples,  were  performed  with  a  mutual- 


inductance  bridge  operating  at  frequencies  /  in  the  range  17 
Hz^/=£5555  Hz  and  modulation  fields  H„  in  the  range  0.01 
Oe^H„=sl7  Oe.  External  dc  magnetic  fields  were  produced 
with  a  NbTi  superconducting  coil  up  to  35  kOe. 

It  is  useful  to  begin  this  discussion  with  Fig.  1  which 
shows  the  temperature  dependence  of  the  electrical  resistiv¬ 
ity  p{T)  of  polycrystalline  samples  of  Sm2_;(Ce;(Cu04_j, 
(0.16^a:^0.18)  with  excitation  currents  of  0.1  and  10  mA. 
The  first  interesting  feature  of  these  curves  is  associated  with 
the  double  resistive  superconducting  transitions  where  the 
electrical  resistivity  attains  the  zero-resistance  state  after  two 
well-defined  drops  in  p(X).  The  double  resistive  supercon¬ 
ducting  transition  persists  even  when  samples  are  prepared 
through  the  sol-gel  route,  suggesting  that  it  is  an  intrinsic 
property  of  these  polycrystalline  samples.^** 

Another  point  to  be  stressed  here  concerns  the  first  drop 
in  p{T)  at  Td.  As  discussed  elsewhere,*  the  transition  at  re¬ 
appears  to  be  associated  with  a  genuine  superconducting 
phase  and  not,  for  example,  a  structural  transition.  One  might 
also  imagine  that  such  a  drop  in  p(T)  at  could  be  due  to 
a  insulator-metal  (/-A/)  transition  as  observed,  for  example, 
in  Nd2-;(Sr^Ni04+y  (Ref.  8)  and  PrNi03  (Ref.  9).  However, 
if  there  was  an  1-M  transition  at  T^,  the  electrical  transport 
data  would  be  hysteretic  due  to  the  first-order  signature  of 
the  I-M  transition.  This  is  not  observed  in  our  electrical 
resistivity  measurements,  suggesting  that  the  transition  ob¬ 
served  at  Td  is  really  associated  with  a  genuine  supercon¬ 
ducting  phase.  Figure  1  also  provides  information  regarding 
the  transition  at  T^j.  From  excitation  current  dependences  of 
resistive  data,  a  broadening  and  shift  of  Tcj  with  increasing 
excitation  current  are  always  observed.  Such  behavior 
strongly  suggests  that  Josephson  weak  coupling  develops  at 
Tcj,  as  already  proposed  elsewhere. 

Additional  understanding  of  these  polycrystalline 
samples  can  be  obtained  from  Xad^)  data  shown  in  Fig.  2. 
Here,  both  components  of  fo’’  Smj  82Ceo,igCu04_^  are 
plotted  as  a  function  of  temperature  for  several  applied  mag¬ 
netic  fields.  The  first  important  feature  revealed  by  these  data 
is  the  total  absence  of  a  peak  in  the  y'  component  at 
There  are  several  possible  explanations  for  this.  First,  there 
may  be  an  insufficient  total  grain  volume  which  is  consistent 
with  a  very  low  superconducting  volume  fraction.'  It  is  also 
possible  that  the  grain  size,  or  more  appropriately,  the  region 
where  the  order  parameter  is  not  depressed,  may  be  of  the 
order  of  the  London  penetration  depth  On  the  other  hand, 
it  is  also  possible  that  all  the  grains  have  a  shell-core  mor¬ 
phology,  in  which  the  superconducting  properties  are  con¬ 
fined  to  a  thin  shell  that  is  evidently  comparable  to  \,  as 
proposed  elsewhere.^’^  TVo  other  candidates  for  explaining 
ih-  absence  of  a  peak  in  at  Tc,  are  inconsistent  with  pre¬ 
vious  results  in  these  samples:  (1)  that  in  very-high-quality 
grains  Hd  may  be  very  large  just  below  Tc,;  and  (2)  that  in 
well-coupled  systems,  a  small  measuring  field  will  cause  the 
coupling  peak  to  obscure  the  so-called  intrinsic  peak.  In  any 
event,  the  absence  of  the  peak  in  y'  at  Tc,  can  be  understood 
if  there  is  a  combination  of  insufficient  total  grain  volume; 
i.e.,  a  very  low  superconducting  volume  fraction,'’^  and  that 
superconducting  properties  are  confined  to  small  islands  with 
size  comparable  to  X.^’"*  Thus,  it  is  reasonable  to  assume  that 
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FIG.  2.  Temperature  dependent  of  the  inductive  and  resistive  components, 
X'  and  y,  of  the  ac  magnetic  su^ptibility  Xk  for  different  applied  mag¬ 
netic  fields  in  Smj  g2Ceo,i8Cu04_^.  TTie  modulation  field  was  /f^=4  Oe  and 
the  frequency  was  /=15  Hz.  Anows  denote  the  temperatures  of  the  peaks  in 


these  polycrystallihe  samples  are  comprised  of  small  super¬ 
conducting  islands,  which  are  not  necessarily  the  physical 
grains,  linked  by  Josephson  coupling. 

Figure  2  also  shows  that  the  application  of  a  magnetic 
field  shifts  thd  peak  in  y'  at  Tcj  towards  lower  temperatures. 
Such  a  peak  has  Been  widely  attributed  to  the  so-called  irre¬ 
versibility  line  in  these  cuprates  and  often  used  for  construct¬ 
ing  magnetic-field  temperature  phase  diagrams.  However, 
for  the  samples  studied  here,  the  peak  in  y'  occurs  at  the 
Josephson  coupling  temperature  T^j,  which  is  well  below  the 
intrinsic  critical  temperature  In  such  a  scenario,  it  seems 
to  be  reasonable  to  associate  the  peak  in  y'  with  a  transition 
in  the  Josephson  coupling  and  its  dependence  on  applied 
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FIG.  3.  Magnetic  field  against  the  reduced  Josephson-coupling  tem¬ 
perature  Tfi[0)-Tc,{H).  Tci(0)  is  defined  as  the  temperature  at  which  / 
peaks  in  zero  applied  magnetic  field.  A  linear  behavior  suggests  a  quasi-de 
Almeida-Thouless  line,  characteristic  of  a  superconducting  glass  state  in  a 
disordered  Josephson  array. 
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magnetic  field  to  a  phase  diagram  of  a  disordered  Josephson 
array.^ 

Values  of  Tcj(H)  were  extracted  from  curves  similar  to 
those  shown  in  Fig.  2  and  used  i  construct  the 
H^-vs-[Tcj(0)-Tcj(,H)]  plots  shown  in  Fig.  3.  It  can  be 
seen  that,  in  the  low-field  regime,  the  Josephson-coupling 
temperature  displays  the  expected  behavior  of  a  disordered 
Josephson  array,  i.e.,  a  quasi-de  Almeida-Thouless  behavior. 
TTiis  was  proposed  by  Ebner  and  Stroud*®  in  their  pioneering 
studies  in  granular  superconductors  and  recently  discussed  in 
Ref.  11.  Such  an  experimental  result  obtained  in  polycrystal¬ 
line  samples,  where  is  well  separated  from  T^j,  strongly 
suggests  that  contributions  from  the  disordered  array  are  pre¬ 
dominant  in  the  low-field  regime,  revealing  the  so-called  su¬ 
perconducting  glass  state  in  a  disordered  Josephson  array.^  In 
this  scenario,  one  would  also  expect  that  contributions  aris¬ 
ing  from  the  genuine  superconducting  phase  would  dominate 
at  higher  fields.  This  is  because  with  increasing  field  all  the 
superconducting  properties  of  the  genuine  phase  are  ex¬ 
pected  to  be  strongly  field  dependent,  inducing  a  crossover  in 
the  H-\s-T  phase  diagram.  Tliis  point  is  now  being  explored. 

In  summary,  from  the  temperature  dependence  of  the  y' 
peak  in  polycrystalline  samples  of  Sm2_;tCe^Cu04_j, 
(0.16^=50.18),  we  found  evidence  that  these  systems  are 
comprised  of  small  superconducting  islands  surrounded  by 
Josephson  junctions.  The  application  of  an  applied  magnetic 
field  shifts  the  peak  towards  lower  temperatures  and  an  ap¬ 
propriate  H-\s-T  phase  diagram  reveals  that  these  samples 
can  be  understood  in  analogy  with  granular  superconductors. 
Arguments  for  a  superconducting  glass  state  in  a  disordered 
Josephson  junction  array  have  also  been  proposed. 
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We  report  the  results  obtained  by  x-ray,  dc  magnetization,  ac  magnetic  susceptibility,  microwave 
magnetic  absorption,  and  electron  paramagnetic  resonance  of  the  magnetic  and  superconductive 
properties  of  a  large  series  of  compounds  of  the  form  A2-x~yBxCeyCuO^  with  A,JS=La,  Pr,  Nd, 

Sm,  Eu,  Gd,  and  Y.  For  y  =  0  antiferromagnetic  ordering  of  the  copper  moments  is  present  at 
7'jv'“280  K  for  all  the  compounds  formed  in  the  tetragonal  P  phase.  Weak  ferromagnetism  (WF) 
associated  with  .the  canting  of  the  copper  moments  is  observed  in  all  the  compounds  with  a  lattice 
parameter,  a<floi  do'“3.91  A,  regardless  of  the  rare-earth  (/?)  ions  present  in  the  system. 
Superconductivity  is  observed  only  in  the  Ce-doped  compounds  with  n>ax,  M]'»3.92  A.  The 
maximum  onset  temperature  Tc  is  found  for  a  *“3.95  A.  A  phase  diagram  'as  obtained  by  varying 
the  lattice  parameter  size  as  a  function  of  A,  B,  and  x.  The  correlation  between  the  appearance  of 
WF  in  the  updoped  compounds  and  the  disappearance  of  superconductivity  in  the  Ce-doped  systems 
is  discussed. 


The  B2CUO4  (B^Pr,  Nd,  Sm,  Eu,  Gd)  compounds  form 
in  the  so-called  P  phase,  where  the  Cu  is  in  a  fourfold 
coordination,  with  no  apical  oxygen.'  We  report  here  detailed 
studies  on  powder  samples  of  A2-,BiCu04  and 
A,  85__fB_,Ceo,i5Cu04  with  A.fisPr,  Nd,  Sm,  Eu,  Gd,  La,  Y. 
Antiferromagnetic  (AF)  ordering  of  Cu  is  observed  in  the 
undoped  B2CUO4  compounds  below  ~280  K.^  A  weak  fer¬ 
romagnetism  (WF)  component  due  to  the  canting  of  the  Cu 
moments  in  the  xy  plane  is  present  in  compounds  containing 
rare  earths  with  smaller  radii.^"**  The  size  boundary  between 
WF  and  perfect  AF  in  B2CUO4  compounds  occurs  near  that 
of  Eu2Cu04.^’^  It  has  been  proposed  that  WF  is  associated 
with  displacements  of  the  oxygen  ions  in  the  CUO2 
planes.'*'®  These  displacements  lower  the  symmetry  from  te¬ 
tragonal  to  orthorhombic  at  the  rare-earth  site  for  compounds 
with  lattice  parameter  a  smaller  than  —3.91  A.^"®  Thus,  the 
existence  of  an  antisymmetric  exchange  interaction  of  the 
Dzyaloshinski-Moriya  type  becomes  possible  for  these  com¬ 
pounds.  Such  a  term  is  not  compatible  with  tetragonal  sym¬ 
metry.  Also,  a  critical  value  for  the  in-plane  Cu — 0  distance 
seems  necessary  for  these  systems  to  become 
superconductors.’  In  this  paper  we  present  results  of  x-ray 
powder  diffraction,  dc  magnetization,  ac  susceptibility,  mi¬ 
crowave  absorption,  and  electron  paramagnetic  resonance 
(EPR)  with  the  purpose  of  finding  a  relationship  between 
WF,  superconductivity  (SC),  and  Cu — 0  bond  length. 

Ceramic  samples  were  prepared  as  follows:  (i)  '.be  lan¬ 
thanide  oxides  were  dried  in  ,  r  at  900  °C.  (ii)  Specific  sto¬ 
ichiometric  amounts  of  Ln203  and  CuO  were  mixed  and  re¬ 
acted  at  900  "C  for  about  24  h  in  alumina  crucibles,  (iii)  The 


mixture  was  ground  and  sintered  at  1000  °C  for  about  1  h. 
This  process  was  repeated  several  times,  (iv)  The  mixtures 
were  pressed  into  g-in.  pellets  at  -4  kbar,  then  placed  in 
alumina  crucibles  and  sintered  in  air  for  —48  h  at  tempera¬ 
tures  between  1050  and  1150  "C  depending  on  the  com¬ 
pound.  To  promote  SC  it  is  necessary  to  lower  the  oxidation 
state  of  Cu  by  doping  with  Ce  or  Th  as  well  as  to  anneal  the 
sample  in  a  reducing  atmosphere.®  For  that  purpose  the 
samples  were  reduced  in  argon  or  sealed  in  a  quartz  tube 
under  a  vacuum  in  the  presence  of  an  appropriate  amount  of 
Zr.  The  reducing  time  and  temperature  {T)  were  adjusted  to 
obtain  the  best  SC  transition.  We  found  that  temperature  was 
critical  and  it  varied  from  —800  to  —1050  ®C  for  the  differ¬ 
ent  compounds  studied.  Phase  purity  and  lattice  parameters 
were  determined  by  x-ray  powder  diffraction.  EPR  was  used 
as  a  more  sensitive  technique  to  determine  the  presence  of 
impurity  phases  such  as  /?2CuOs,  R2O2,  etc.  Such  phases 
were  detected  by  EPR  in  Eu2_^Y;fCu04  and  Sm2-;(Y;^Cu04 
for  ac^O.4  and  0.5,  respectively.  WF  and  SC  were  measured 
by  dc  magnetization,  ac  susceptibility,  and  microwave  ab¬ 
sorption  techniques. 

In  Fig.  1  ac  susceptibility  measurements  for 
Euj  8Yo,2Cu04  are  shown.  Similar  data  were  obtained  by  ac 
susceptibility,  dc  magnetization,  and  microwave  absorption 
in  all  the  systems  studied  with  a  lattice  parameter  a<aQ, 
ao'=“5.9l  A.  Microwave  absorption  is  found  to  be  the  most 
sensitive  technique  to  measure  the  onset  of  WF  and  SC  in 
these  compounds.  In  Fig.  2  we  present  a  typical  spectra  taken 
with  an  EPR  spectrometer  in  a  WF  compound.  The  data 
shown  for  Sm2_^Y;(Cu04  were  taken  at  9  GHz  and  263  K;  in 
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FIG.  1.  ac  susceptibility  as  a  function  of  temperature  of  'Eui8Yo2Cu04. 


FIG.  3.  Temperature  dependence  of  dx"ldH  for  Sm2_;,Y4Cu04  measured  at 
9.2  GHz. 


general,  two  signals  are  seen.  One  signal  is  a  narrow  line 
centered  at  zero  field  which  corresponds  to  the  rapid  increase 
of  dc  magnetization  and  ac  susceptibility  for  temperatures 
below  the  onset  of  WF.^’®  A  second  signal,  which  in  powder 
samples  looks  like  a  broad  shoulder,  appears  at  a  field  differ¬ 
ent  from  zero.  The  second  signal  is  always  observed  if  WF  is 
present.^  It  is  the  first  indication  of  WF  found  in  pure 
EU2CUO4  and  by  adding  just  1%  of  Y,  WF  is  also  observed  in 
EU1.99Y0.01CUO4  by  dc  magnetization  and  ac  susceptibility. 
For  the  last  system  both  lines  are  observed  in  spectra  similar 
to  that  shown  in  Fig.  2.  The  narrow  line  is  not  a  true  spin 
resonance  but  a  microwave  absorption  signal  observed  be¬ 
cause  of  the  unbalanced  EPR  bridge.  The  second  signal  is  a 
true  spin  resonance  line  which  is  found  in  all  the  WF  com¬ 
pounds  and  is  caused  by  a  weak  ferromagnetic  resonance 
mode  of  the  Cu  moments.  An  analysis  of  this  WF  mode  has 
been  published  already.’  In  Fig.  3  we  present  the  intensity  of 
dx"ldH  as  a  function  of  temperature  for  Sm2_jY_4Cu04  at 
different  values  of  x.  The  onset,  maximum,  and  general 
shape  of  the  spectra  do  not  change  with  x,  but  instead,  the 
intensity  of  the  signal  increases  with  the  concentration  of  Y. 
A  similar  behavior  is  observed  for  all  the  WF  compounds 
where  the  average  radii  of  the  rare  earth  is  reduced.  At  suf- 


FIG.  2.  Spectra  for  Sm2_j,Y;,Cu04  measureJ  at  9  GHz  and  263  K,  where 
(a),  (b),  and  (c)  conespond  to  Sm,4Yo6Cu04.  Sm,5YQ4Cu04,  and 
Sm,4Yo4Cu04,  respectively. 


ficiently  high  magnetic  fields  with  r<rAr  the  dc  magnetiza¬ 
tion  becomes  linear,  and  when  extrapolated  back  to  zero  an 
internal  field  Hj  can  be  defined.^  //,•  increases  with  x  in 
Eu2_j4Y^Cu04  and  Sm2_:4Y;jCu04.  The  values  obtained  for 
H,  at  the  higher  concentrations  of  Y  are  larger  than  the  value 
measured  for  pure  Gd2Cu04.^  Th.j  lattice  parameter  a  at  the 
boundary  between  WF  and  perfect  AF  for  some  of  the  com¬ 
pounds  studied  is  given  in  Table  I.  Figure  4  is  a  phase  dia¬ 
gram  for  the  undoped  /{2CUO4  systems  and  those  doped  with 
Ce=0.15,  R,85Ceo.i5Cu04.  As  mentioned  above,  the  onset 
of  WF  is  at  ~280  K  in  the  undoped  materials.  A  value  of  the 
same  order  has  been  found  for  by  neutron  diffraction  for 
the  compounds  which  do  not  show  WF.'“  The  lattice  param¬ 
eters  given  in  Fig.  4  for  Ce-doped  compounds  were  mea¬ 
sured  in  samples  before  oxygen  reduction.  Doping  with  Ce 
results  in  a  contraction  of  the  c  axis  and  an  expansion  of  the 
in-plane  lattice  parameter  a  7  Thus,  doping  with  Ce  possibly 
reduces  the  distortion  of  the  CUO2  plane.  This  may  explain 
why  Euj  gsCeo  15CUO4  becomes  a  superconductor,  even 
though  EU2CUO4  shows,  as  discussed  above,  indications  of 
incipient  WF.  The  value  of  the  onset  temperature  for  WF  is 
depressed  with  the  increase  of  Ce  concentration.  For  Ce 
=0.15,  the  onset  of  WF  is  found  at  ~160  K  for 
Eui.65Yo2Cco,i5Cu04  and  Smi,45Yo4Ceo.i5Cu04,  similar  to 
the  value  obtained  for  Gd|  g5Ceo,i5Cu04.*' 

For  compounds  close  to  the  boundary,  such  as  Gd2Cu04, 
x-ray  measurements  suggest  an  average  T'  phase  with  some 
displacement  of  the  oxygen  atoms.  Long-range  correlation 
seems  to  occur  only  within  each  CUO2  plane.  As  no  super- 


TABLE  I.  Lattice  parameter  a  for  the  boundary  between  WF  and  perfect  AF 
for  some  of  the  compounds  studied. 


Compound 

a  (A) 

EU]99YqoiCu04 

3.906 

Snii  6SY035CUO4 

3.906 

Gd|  oo^nii  00CUO4 

3.904 

Gd|  3oNdQ7oCu04 

3.908 

Gdj  40CUO4 

3.910 

Gdi  ssPrg  45CUO4 

3.906 
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FIG.  4.  In-plane  lattice  parameter  n  as  a  function  of  the  ionic  radius  of  the 
rare  earth.  The  broken  vertical  line  indicates  the  boundary  between  the  WF 
compounds,  which  when  doped  with  Ce  do  not  show  SC,  and  the  AF  com¬ 
pounds,  which  when  doped  become  superconductors;  ( 0 )  doped,  (O)  un¬ 
doped. 


structures  are  observed  in  Gd2Cu04  it  appears  clear  that  only 
short-range  interplanar  correlations  could  exist  in  systems 
close  to  the  boundary.  For  these  systems  the  average  struc¬ 
ture  remains  tetragonal,  and  the  distortions  from  a  perfect 
square  in  the  CUO2  plane  are  due  to  displacements  of  the 
oxygen  atoms  along  the  normal  to  the  Cu — 0  bond.  This 
distortion  becomes  larger  as  the  size  of  the  rare-earth  ion 
becomes  smaller.  Electron  paramagnetic  resonance,  x-ray, 
Mossbauer,  and  Raman  techniques  have  confirmed  this 
picture.'*"*’'^  From  those  results  it  is  also  possible  to  con¬ 
clude  that  the  local  symmetry  at  the  R  site  is 
orthorhombic.'*"®’'^  X-ray  and  Raman  studies  in  systems 
with  smaller  R,  such  as  Y2CUO4  and  Tm2Cu04  which  are 
farther  from  the  WF-AF  boundary,  show  extra  peaks  which 
may  be  associated  with  superstructures  or  a  reduction  in 
symmetry  for  those  compounds.®''^ 

We  were  not  able  to  induce  superconductivity  in  any  of 
the  Ce-doped  compounds  which  showed  WF  measurable  by 
dc  and  ac  susceptibility.  We  attempted  to  induce  SC  in  them 
by  reducing  the  samples  as  described  above.  In  the  Ce=0.15 
doped  compounds  that  we  studied  superconductivity  was  ob¬ 
served  in  the  compounds  which  had  a  lattice  parameter  a 
larger  than  ~3.92  A.  The  maximum  value  of  r<. ,  ~20  K, 
was  measured  for  compounds  with  an  in-plane  distance  be¬ 
tween  the  Cu  ions  of  ~3.95  A.  Away  from  this  optimum 
length  Tf  decreases,  for  smaller  as  well  as  larger  values  of  a. 
In  Fig.  5  we  present  data  for  Lai,iGdo.75Ceo,i5Cu04  with  a 
7’c~15  K  and  a~3.96  A.  Attempts  to  obtain  SC  samples 
with  larger  concentrations  of  Gd  and  smaller  values  of  a 
were  unsuccessful.  We  do  not  have  an  explanation  for  this. 

In  summary,  we  found  that  the  presence  or  absence  of 
WF  and  SC  in  the  T'-phase  R2CUO4  compounds  is  indepen¬ 
dent  of  whether  the  rare-earth  ion  is  magnetic  or  not.  In  these 


FIG.  5.  dc  susceptibility  measured  at  10  Oe  on  a  powder  sample  of 
La,  ,Gdo  73Ceoi5Cu04.  The  sample  was  reduced  under  vacuum  in  the  pres¬ 
ence  of  Zr. 


compounds  SC  and  WF  seem  to  be  definitively  exclusive, 
i.e.,  the  distortion  from  a  perfect  square  in  the  CUO2  plane 
seems  to  be  incompatible  with  SC  in  these  systems.  A  strong 
conelation  between  WF,  SC,  and  the  Cu — 0  bond  length  is 
observed.  Values  of  ~3.91,  ~3.92,  and  ~3.95  A  are  the 
maximum,  minimum,  and  optimum  planar  lattice  parameters 
for  the  presence  of  WF,  SC,  and  maximum  ,  respectively. 
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The  samples  were  prepared  using  the  primary  batch  formula  Yj  -o.2x®a2-o.2xCu3+o.3:((Me)o.4;tOj, , 
where  x=0-1.20  and  Me  denotes  alkali  metals  (Na,  K,  Rb)  introduced  as  carbonates.  The 
presence  of  alkali  carbonates  during  the  process  allows  one  to  influence  the  YBCO  grain  size  and 
improve  the  homogeheity  of  the  structure.  Despite  the  large  concentration  range  of  additives  in  the 
initial  batch  after  the  second  treatment  at  temperatures  higher  than  900  ®C,  only  traces  of  the  alkali 
metals  were  revealed.  The  influence  of  Na,  K,  and  Rb  impurities  in  concentrations  for  Na  about 
5X10“'  wt%;  for  K  to  4X10“^  wt%,  and  Rb  to  2X10“^  wt%  in  polycrystalline  YBCO  was 
investigated.  For  Rb  and  K,  the  R(T)  transitions  were  comparable  to  that  of  pure  YBCO.  The 
microwave  surface  resistance  was  least  influenced  by  the  impurities,  but  strongly  depended  on 
the  polycrystalline  microstructure.  Each  impurity  had  a  specific  effect  on  xiT)  and  which  are 
related  to  the  grain-boundary  structure. 


I.  INTRODUCTION 

Investigating  the  influence  of  the  different  impurities  on 
the  magnetic  and  electrical  high-temperature  superconduct¬ 
ing  (HTSC)  properties  is  of  interest,  as  much  for  the  under¬ 
standing  of  the  intragranular  phenomena,  as  for  solving  tech¬ 
nological  problems.  However,  to  our  knowledge,  only  a  few 
isolated  papers  have  appeared  on  the  alkali  metals  impurities 
in  YBCO*’^  and  the  data  published  are  controversial.  There 
have  been  reports  on  obtaining  7’c=135  K  in  a  YBCO  sys¬ 
tem  substituted  with  K.’’  It  has  been  assumed  that  the  effect 
of  adding  K  is  due  to  the  formation  of  a  KCu-compound 
participating  indirectly  in  the  YBCO-phase  formation 
process.^  Our  recent  work'*  showed  that  K2CO3  may  be 
added  to  the  initial  batch  in  significant  quantities  without 
causing  deterioration  of  the  general  HTSC  properties;  we 
also  attributed  this  fact  to  the  KCu-compound. 

The  aim  of  this  work  is  to  compare  the  HTSC  properties 
of  Na-,  K-,  and  Rb-containing  samples  and  to  clarity  the  role 
of  the  excess  of  Cu  when  it  is  in  quantity  comparable  with 
the  alkali  metal  additive. 


II.  EXPERIMENTAL 

The  samples  were  prepared  using  the  primary  batch  for¬ 
mula  Y,_o.2xBa2-o.2;tCu3+o,3x(A/e)o,4,0^,  where  x=0- 
1 .20  which  allowed  us  to  have  Cu  excess  in  the  initial  batch 
and  a  comparable  amount  of  an  alkali  metal  (Me  =  Na,  K, 
Rb).  Attention  was  paid  to  the  purity  of  the  initial  compo¬ 
nents:  the  basic  content  of  Y2O3  was  99.99%;  of  BaC03, 
99.99%,  and  CuO,  99.99%.  The  additives  were  introduced  as 
alkali  carbonates  with  high  purity  (more  than  99.9  wt  %). 
After  preliminary  baking  of  the  batch  at  900  °C,  1  fim  grain- 
size  powder  was  used  to  press  pellets  which  were  sintered  a 
second  time.  The  final  temperature  was  different  for  each 
additive  (from  900  to  980  °C  for  50  h)  and  was  selected 
using  the  differential  thermal  analysis  (DTA)  data.  The 
single-phase  YBCO  (x=0),  which  we  used  for  comparison 
with  the  doped  system,  was  obtained  via  final  sintering  treat¬ 
ment  consisting  in  baking  at  980  ®C  for  60  h  in  oxygen  at¬ 


mosphere;  its  HTSC  properties  were  close  to  the  best  quoted 
in  the  literature  for  polycrystalline  untextured  YBCO. 

The  phase  content  and  polycrystalline  microstructure 
were  characterized  using  x-ray  powder  diffraction  (XRD) 
and  scanning  electron  microscopy  (SEM)  with  x-ray  mi¬ 
croanalyzer  (EPMA).  The  resistivity  R(T)  transition  was 
measured  at  liquid-nitrogen  temperature  using  the  standard 
four-probe  technique  (measuring  current  value  100  mA).  The 
ac  magnetic  susceptibility  x{T)  transition  was  followed  us¬ 
ing  the  contactless  “pick-up  coil”  techniques  (magnetic  field 
0-25  mT).  To  determine  the  critical  current  and  the  sur¬ 
face  resistance  R^  (at  14.3  GHz)  we  developed  our  original 
equipment  described  in  Ref.  5. 

III.  RESULTS  AND  DISCUSSION 

Our  investigation  showed  that  the  Na2C03,  K2CO3,  and 
Rb2C03  influence  was  well  pronounced  when  the  carbonates 
were  in  significant  concentrations:  for  Na,  x=0.40  (1.42 
wt  %  Na2C03)  to  1.20  (4.37  wt  %  Na2C03);  for  K,  x=0.40 
(2.38  wt  %  K2CO3)  to  0.75  (4.49  wt  %  K2CO3),  and  for  Rb, 
x=0.20  (2.57  wt  %  Rb2C03)  to  0.40  (5.07  wt  %  Rb2C03). 
The  cases  of  additives  concentrations  below  these  limits  are 
well  described  in  the  literature.'’^  When  these  ranges  are  ex¬ 
ceeded,  it  is  difficult  to  obtain  reproducible  single-phase 
samples  with  HTSC  properties.  Our  investigation  was,  there¬ 
fore,  focused  on  the  ranges  of  additives  concentrations  men¬ 
tioned. 

After  the  first  heat  treatment  (900  °C/24  h)  the  YBCO 
phase  was  about  75  wt  %  and  the  XRD  data  showed  (and 
SEM  and  EPMA  confirmed  it)  that  in  samples  with  Na2C03 
and  Rb2C03  additives,  Na20,  Rb20,  and  CuO  phases  existed 
in  the  powder,  while  for  the  case  of  K2CO3,  the  analysis 
revealed  the  presence  of  a  K3CUO2  phase. 

Each  additive  had  a  specific  influence  on  the  final  tem¬ 
perature  of  the  second  treatment  compared  with  pure 
YiBa2Cu30j, — generally,  the  sintering  temperature  de¬ 
creased.  HTSC  samples  for  Na  (x>0.4)  were  obtained  at 
940  ®C,  for  K  (x>0.4)  at  950  ®C  and  for  Rb  (jr>0.2)  at 
930  °C.  The  SEM  and  EPMA  data  indicated  differences  in 
the  microstructure  after  the  second  treatment.  For  samples 
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FIG.  1.  SEM  and  EPMA  data  for  Na-,  K-,  and  Rb*doped  samples — surface 
layer.  The  unit  is  at  %. 


with  Na  additive,  CuO  excess  remained  in  the  material  as  a 
second  phase;  from  2  to  5X10"*  wt  %  Na  (Na20)  was  also 
found  in  the  end  product. 

For  the  K2CO3  additive,  the  XRD  and  EPMA  data  re¬ 
vealed  the  existence  of  a  K3CUO2  phase  which  evaporated 
above  900  °C  and  only  traces  of  K  were  revealed  on  the 
surface  of  the  samples.  To  explain  the  disappearance  of  the  K 
and  Cu  excess  from  the  samples  above  950  "C,  we  analyzed 
our  crucibles  (made  of  AI2O3)  after  sintering.  Atomic  absorp¬ 
tion  spectroscopy  (AAS)  showed  about  0.66  wt  %  of  Cu  in 
the  crucible  (as  compared  with  0.00024  wt  %  Cu  in  crucibles 
without  sample)  and  13.8  wt  %  of  K  in  a  crucible  where  a 
sample  with  x=0.75  (4.49  wt  %  K2CO3)  was  sintered. 

The  XRD,  SEM,  and  EPMA  data  showed  the  existence 
of  a  glass-like  Rb2C03  phase  at  840-890  ®C.  This  made  us 
suppose  that  alkali-containing  liquid  phases  participate  in  the 
polycrystalline  structure  formation  during  the  second  treat¬ 
ment  by  enhancing  the  diffusion  processes  thus  helping  the 
CuO  excess  move  to  the  surface.  On  the  other  hand,  the 
alkali-containing  phases  evaporated  above  900  “C.  ^VAS 
study  of  crucible  walls  where  the  Rb  doped  with  x=0A 
(5.07  wt%  Rb2C03)  sample  were  baked  indicated  about 
14.1  wt  %  of  Rb. 

Figure  1  illustrates  typical  surface  structure  and  EPMA 
phase  analysis.  Five  phases  were  identified  in  the  specimens. 


For  Na-doped  samples:  (A)  with  basic  structure  YiBa2Cu30y 
crystals,  (B)  dark — Na20,  and  (C)  gray — CuO.  For  the  K- 
and  Rb-doped  samples:  (D)  yellow— ‘K3CUO2,  (E) 
dark — Rb20,  and  (A)  Y2Ba2Cu30j,  phase.  The  measurement 
accuracy  of  the  EPMA  method  for  metal  ion  analysis  was 
1%.  The  SEM  studies  proved  that  samples  with  K  and  Rb 
additives  possessed  a  low-density  surface  layer  and  their 
thickness  was  about  200  /im.  Their  chemical  content  de¬ 
pended  on  the  alkali  carbonate  added:  according  to  the 
EPMA  data  for  Rb-doped  samples,  the  layer  consisted  of 
YBCO  and  Rb  and  Cu  oxides;  for  K,  we  found  K3CUO2  (see 
Fig.  1).  When  this  layer  was  removed,  the  XRD  showed  that 
the  basic  structure  was  single-phase  YjBa2Cu30y.  Atomic 
absorption  spectroscopy  (AAS)  revealed  only  traces  of  the 
alkali  additives:  about  4X10“^  wt%  K  and  2X10"^  wt% 
Rb.  To  avoid  the  influence  of  the  low-density  layer,  we  pol¬ 
ished  the  sample  surface  before  the  HTSC  measurements. 

We  accumulated  a  large  amount  of  data  about  the  Rb, 
Na,  and  K  additives  influence  on  the  HTSC  properties  in  a 
wide  concentration  range.  We  present  here  the  more  charac¬ 
teristic  results  for  comparable  concentrations  of  alkali  car¬ 
bonates  (mentioned  above)  to  illustrate  the  influence  of  dif¬ 
ferent  impurities  on  the  HTSC  properties.  The  term 
“impurities”  was  chosen  because  only  traces  of  alkali  metals 
(4X 10"^  wt  %  for  K  and  Rb  and  5  X 10"'*  wt  %  for  Na)  were 
found  after  the  second  treatment  and  surface  layer  removal. 
TTie  studies  allowed  us  to  assume  that  the  K  and  Rb  impuri¬ 
ties  are  located  at  the  grain  boundaries.  Despite  the  fact  that 
insignificant  amounts  of  the  additives  were  found  in  the  end 
product,  differences  could  be  seen  in  the  magnetic  and  resis¬ 
tive  behavior  of  the  samples  as  illustrated  by  Figs.  2(a)  and 
2(b).  In  a  large  concentration  range,  the  R{T)  superconduct¬ 
ing  transitions  were  similar  and  better  (for  Rb,  the  initial 
temperature  was  in  the  order  of  94.6  K  and  for  K  93.4  K) 
than  those  of  pure  YBCO.  In  Na-containing  YBCO,  the  im¬ 
purities  (Na20  and  CuO)  influence  on  the  R{T)  was  the  most 
significant  [see  Fig.  2(a)]. 

Each  impurity  had  a  specific  influence  on  the  ;y(7')  de¬ 
pendence  [see  Fig.  2(b)].  The  observed  worsening  of  the 
X{T)  dependence  in  the  case  of  Na  doping  is  obviously  re¬ 
lated  to  the  presence  of  nonsuperconducting  (Na20  and 
CuO)  phases  in  considerable  amounts.  In  the  case  of 
K3Cu02-containing  boundaries  (x-0.75  in  the  initial  batch) 
we  observed  the  best  transition  with  as  high  as  in 
pure  YBCO,  but  AT  was  larger.  The  lower  amount  of  Rb20 
impurities  in  the  grain  boundaries  shifted  the  transition-onset 
temperature  towards  the  tower  temperatures.  Rb-  and 
K-doped  samples  with  similar  impurities  concentration  in  the 
grain  boundaries  exhibited  different  x{T)  behavior.  This  con¬ 
firmed  the  important  role  of  the  grain-boundary  structure  in 
influencing  the  xi^)- 

To  clarify  the  influence  of  the  impurities,  we  investigated 
the  parameters  most  sensitive  to  the  grain  structure,  namely, 
Jc  and  Rj .  Table  I  summarizes  the  data. 

The  microwave  measurement  showed  that  R,  depended 
weakly  on  the  grain-boundary  impurities,  while  being 
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FIG.  2.  (a)  R(T)  transitions  and  (b)  x(T)  transition  for  pure  YiBajCujOy. 
(A)  compared  witl:  Na-,  K-,  and  Rb-doped  samples,  where  the  basic  phase  is 
Y|Ba2Cu30y  and  im;”-.ity  phases  are  (B),  (C)  NajO  and  CuO;  (D) 
K3CUO2,  and  (E)  RbjO  are  found. 


Strongly  affected  by  the  grain  size  and  homogeneity.  Using 
SEM  photographs,  we  carried  out  a  statistical  analysis  of  the 
grain  size  in  doped  samples  in  comparison  with  pure  YBCO 
polycrystalline  structure.  The  YBCO  grains  had  the  specific 
shape  of  a  parallelepiped.  We  compared  the  grains  with  dif¬ 
ferent  longitudinal  and  similar  transverse  dimensions  and 
calculated  the  average  longitudinal  dimension.  Figure  3 
shows  the  grain-size  distribution  in  doped  and  undoped 
samples.  It  is  clear  that  adding  Na2C03  allowed  us  to  obtain 
a  polycrystalline  structure  with  smalt  average  grain  size  and 
high  homogeneity.  These  samples  exhibited  the  best  ,  de¬ 
spite  the  low  density  of  those  with  Na20  and  CuO  phases, 
but  Jc  was  about  40  A/cm^.  The  K2CO3  additive  kept  the 
grain  size  relatively  high  which  worsened  ,  but  resulted  in 
high  homogeneity  which  was  probably  responsible  for  the 
good  R{T)  transition  data.  We  assumed,  furthermore,  that  the 


TABLE  I.  Summary  of  the  data. 


General  formula;  Yi-o2iBa2 

-oztCuj+o 

3jt(Afe)o.4j 

0, 

Me 

undoped 

Na 

K 

Rb 

X  from-to 

0 

0.4-1.2 

0.4-0.75 

0.2-0.4 

wt  %  impurity 

0 

5X10*' 

4X10"^ 

2X10'^ 

J,.  A/cm^ 

212 

40-15 

100-20 

261-217 

R,  (mn)by/=14.3  GHz 

51 

51-49 

55-65 

42-49 

Density  g/cm’ 

6.0 

5.3-4.6 

5.9-5.4 

5.9-5.9 

DIAMETER,  Jjirt 


HG.  3.  The  statistical  analysis  for  grain-size  distribution  in  polycrystalline 
YBCO  obtained  from  initial  batches  include  excesses  from  CuO  and  Na,  K, 
and  Rb  carbonates  in  concentration  about  4.5  wt  %. 

worse  Jg  in  K-doped  samples  had  to  do  with  different  grain¬ 
boundary  structure. 

We  associated  the  influence  of  the  Rb  impurity  on  the 
microstructure  and  electrical  properties  with  the  existence  of 
a  liquid  phase  during  the  technological  process  which  en¬ 
hanced  the  recrystallization  process.  This  impurity  was  most 
insignificant  in  the  end  product  and  only  the  x(T)  behavior 
was  sensitive  to  its  existence  on  the  grain  boundary.  It  is 
interesting  to  note  that  the  samples  density  for  Rb-containing 
samples  was  better  in  a  larger  range  of  concentrations  and 
the  best  values  of  and  R^  were  observed  for  this  additive. 

iV.  CONCLUSIONS 

The  alkali  additives  react  differently  with  CuO  excess  in 
the  initial  batch.  Na2C03  does  not  remove  this  excess;  CuO 
and  Na20  phases  remain  disseminated  in  the  entire  sample. 
Rb2C03  enhances  the  CuO  diffusion  towards  the  sample  sur¬ 
face.  The  carbonate  dissociates  at  890  °C,  with  only  traces  of 
Rb20  remaining  as  impurity  at  the  grains  boundaries  after 
the  second  heat  treatment.  The  K2CO3  reacts  with  the  CuO 
excess  and  forms  a  KCu-compound  which  diffuses  towards 
the  surface  and  evaporates  above  900  °C. 

For  Rb-  and  K-doped  samples  with  similar  impurities  in 
the  order  of  2-4X10“^  wt  %,  R(^T)  transitions  are  compa¬ 
rable  to  the  best  one  of  pure  YBCO.  Each  additive  has  a 
specific  effect  on  xi^)  transition  which  is  related  to  the 
grain-boundary  phase  structure.  A  lower  quantity  of  Rb20 
leads  to  deterioration  of  the  x{T)  transition  and  the  same 
concentration  of  the  KCu-compound  improves  of 
YBCO. 

The  HTSC  parameter  most  sensitive  to  the  impurities  is 
Jc  ■  Only  in  the  case  of  Rb,  impurities  at  the  grain  boundaries 
in  the  order  of  2X10~^  wt  %  virtually  do  not  affect  .  The 
experiments  demonstrated  that  R,  is  least  influenced  by  the 
impurities,  but  strongly  depends  on  the  grains  size  and  ho¬ 
mogeneity. 
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Hubbard  model  of  two  layers  of  strongly  correlated  electrons  with  interlayer  hopping  is  investigated. 
The  temperature  Tc  of  superconducting  transition  and  magnetic  suspectibility  are  calculated.  The 
external  pressure  dependence  of  is  discussed. 


I.  INTRODUCTION^ 

Discovery  of  high-J^  layered  perovskite  compounds  gal¬ 
vanized  the  theorists’  interest  to  the  role  of  interlayered  cou¬ 
pling  for  superconductivity.  In  high-r^  cuprates  it  is  noted 
that  the  influence  of  apical  oxygen  on  Tc  increases  the  throw 
and  changes  the  effective  interlayer  hopping:  the  apical  oxy¬ 
gen  provides  for  the  effective  tunneling  of  electrons  between 
copper  cations  in  neighboring  CUO2  layers. 

We  have  suggested  the  simplest  Hubbard  model  of  two 
layers  of  strongly  correlated  electrons  with  interlayer  hop¬ 
ping  integral  t: 


H=-'2  t,7C,vCj<r+/2  «/«,•- aX  («/  +  «/).  /=“, 

tj<r  i  i 

(1) 

where  tij=t  if  /  and  j  belong  to  the  same  layer,  and  t,j=T 
if  i  and  j  belong  to  different  layers. 

The  interlayer  hopping  decreases  the  normal  ground 
state  energy  of  the  system.  This  hopping  t  gives  rise  to  the 
Van  Hove  singularity  in  initial  rectangular  density  of  states  in 
the  points  ±2t.  Density  of  states  (DOS)  has  the  following 
form: 


p{€)  =  (2/t)K\ 


where  K  is  complete  elliptic  integral.  We  have  calculated  the 
concentration  dependence  of  the  kinetic  and  interaction  en¬ 
ergies  of  the  given  system.  The  energy  of  interaction  has  the 
following  form: 

n^(1.5«- 1)^ 

gin.=--2(2Zn) - (1.5- !)/(«, r),  (3) 


where  /(/!,t)<1  is  a  positive  function. 

£i„,  acquires  the  negative  sign  at  an  electron  concentra¬ 
tion  above  n=2/3  per  site  which  corresponds  to  the  sign 
changing  of  Born  amplitude  of  mutual  (a,a)  electron  scat¬ 
tering. 


II.  SUPERCONDUCTIVITY 

The  superconducting  transition  was  investigated  in  the 
framework  of  the  kinematical  high-T^.  mechanism.'’^  We 
have  calculated  the  concentration  dependence  of  supercon¬ 
ducting  transition  temperature  Tc-  For  example,  when 
chemical  potential  fi<2’j{\-nl2)-Tc,  Tc  is  as  follows: 


^’institute  for  Molecular  Science  of  the  Okazaki  National  Research  Institutes 
Center,  Miodaiji,  Okazaki  444,  Japan. 


Tc={m)[{2t+T)\2-n)^- p}} 


t{2-n)p  \ 


(4) 


For  T=0  the  limiting  case,’  reproducing  in  Ref.  3  is  obtained. 
Depending  on  the  chemical  potential  position  relative  to  the 
Van  Hove  singularities  it  is  possible  that  the  Tc  increases 
with  interlayer  hopping  integral  t. 

We  have  also  calculated  the  derivatives  dTJdt  and 
dTJdr  in  connection  with  experimental  investigations  of 
baric  derivatives  of  It  is  significant  that  the  variation  of 
Tc  with  the  bandwidth  is  connected  with  electron  concentra¬ 
tion  as  well.  Assume  that  the  system  is  coupled  with  a  res¬ 
ervoir  of  electrons:  it  may  be  Cu-0  chains  or  BiO,  TIO  layers 
in  HTSC  cuprates.  From  the  equations  on  electron  concen¬ 
tration  in  these  systems 


{n=jpp,+j  (for  correlated  electrons), 

«r=p,/4r+2  (^of  noncorrelated  electrons  of  reservoir), 
M  =  Ar. 

(5) 

we  can  see  that  electron  concentration  n  depends  on  the  den¬ 
sities  of  state  p,pc ,  which  are  determined  by  corresponding 
bandwidths.  In  Fig.  1  are  shown  the  calculated  derivatives  of 
Tc-  We  can  see  from  Fig.  1  that  derivatives  of  Tc,  with 
respect  to  the  hoppings,  can  be  negative  as  well  as  positive. 
This  may  explain  a  number  of  experiments  in  which  different 
signs  of  baric  derivatives  were  observed.^ 


FIG.  1.  The  baric  derivatives  of  for  7/1= 1/2. 
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III.  MAGNETIC  PROPERTIES 


IV.  CONCLUSION 


It  is  interesting  to  calculate  the  static  magnetic  spin  su- 
ceptibility  with  DOS  (2)  which  rises  steeply  in  the  points 
e=  ±2t.  It  was  approximated  by 


tv 


w 


(e-2T)2+w^  +  TeTlrY^]  ^ 

(6) 


where  A  =  2/ TT. 

We  used  the  general  formula 


-2/p(e)^  [nF{€)]de 

X{T)= - -g -  (7) 

l-/p(e)  ^  [enF{e)]de 


and' obtained  the  following  expression  of  Curie- Weiss  type: 


The  Tc  dependence  on  electron  concentration  and  mag¬ 
netic  spin  susceptibility  has  been  calculated  for  layered  sys¬ 
tem  of  Eq.  (1)  type. 

The  calculated  features  of  model  (1)  are  responsive  to 
the  position  of  Van  Hove  peaks  of  the  DOS.  r<.  increasing 
can  occur  for  appropriate  mutual  positioning  of  the  peak  and 
chemical  potential. 

In  relation  to  experiments  on  baric  derivatives  of  in 
layered  high  temperature  superconductors  we  have  noted 
also  that  the  variation  of  charge  carriers  under  pressure  must 
be  taken  into  account  in  the  interpretation  of  these  experi¬ 
ments.  The  DOS  depends  on  external  pressure  and  in  turn 

dT,  _dTc  dT^dj^ 

dt  dt  ^  dn  dt  ' 


where 


C= 

0  = 


8(l-n/2)2 
37r'  ■’ 


(8) 


It  must  be  emphasized  that  for  rectangular  DOS  the  xiT) 
is  essentially  independent  of  temperature. 


From  the  condition  of  equality  of  chemical  potentials  fi  [cf. 
Eq.  (5)]  for  superconducting  electrons  n  and  reservoir  ones 
itr  it  follows  the  dependence  of  electron  concentration  on 
external  pressure. 
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We  consider  an  integrabie  model  consisting  of  n  parabolic  bands  of  electrons  of  equal  mass  with  a 
5-function  exchange  interaction.  The  interaction  is  attractive  or  repulsive  depending  on  whether  the 
interacting  particles  are  in  a  spin-singlet  or  triplet  state.  The  structure  of  the  Bethe  ansatz  and  the 
classification  of  states  is  similar  to  that  of  the  n-channel  Kondo  problem.  The  attractive  interaction 
leads  to  Cooper-pair-like  boundstates.  Some  ground-state  properties  and  the  excitation  spectrum  are 
discussed  for  the  special  situation  of  degenerate  bands. 


Several  multiband  models*’^  have  been  proposed  to  ex¬ 
plain  properties  of  high-r^  compounds.  In  particular,  the 
anomalous  dependence  of  the  Hall  coefficient  and  Tc  in 
La2_^Sr;(Cu04  and  Nd2_yCej,Cu04  on  doping  has  been  at¬ 
tributed  to  an  admixture  of  the  orbital.^  This  admixture 
is  consistent  with  polarized  x-ray  absorption  data.^  Moti¬ 
vated  by  the  possibility  that  both  the  and  or¬ 

bitals  may  play  a  role  in  high-r^  cuprates,  we  considered^  an 
integrabie  model  involving  ^*'o  one-dimensional  bands  sepa¬ 
rated  by  a  crystalline  field  splitting,  and  a  5-function  ex¬ 
change  interaction,  which  leads  to  singlet  bound  states  of  the 
Cooper  type.  In  this  paper  we  extend  the  results  of  Ref.  2  to 
an  arbitrary  number  n  of  equal  bands.  The  model  is  still 
integrabie  and  the  generalization  to  n  bands  changes  the  re¬ 
sults  of  Ref.  2  only  quantitatively  (bs't  not  qualitatively).  In 
addition,  we  discuss  here  the  spectrum  of  elemental  excita¬ 
tions.  The  Hamiltonian  is 

//=2  [  dx  ci„{x){-3^/dx^)c„„ix) 

mo  ^ 

+  C  2  I  dX2S{X\-X2) 

mm' a  o' ^  ^ 

^ciaiXl)cl.„>{X2)c„'„{X2)c„„,(Xi),  (1) 

where  m  =  l,...,n  labels  the  bands,  and  cJ,„(jc)  creates  an 
electron  of  spin  a  at  the  site  x  in  the  band  m.  Since  the 
number  of  particles  with  up  and  down  spin  and  the  electrons 
in  each  band  are  conserved,  it  is  straightforward  to  incorpo¬ 
rate  magnetic  and  crystalline  field  splittings  between  the 
bands.  The  interaction  is  an  exchange,  i.e.,  it  depends  on  the 
spin  and  orbital  indices.  Electrons  within  the  same  band  (and 
opposite  spin)  are  attracted,  while  for  electrons  of  equal  spin 
but  in  different  bands  the  interaction  is  repulsive.  All  the 
bands  have  equal  mass;  this  is  a  necessary  condition  for  the 
integrability  of  the  model. 

It  is  useful  to  study  the  two-particle  problem  first.  The 
two-electron  wave  function  can  be  written  as  a  product  of 
three  factors:  (i)  a  coordinate  wave  function  refening  to  the 
positions  and  momenta,  (ii)  a  spin  wave  function,  and  (iii)  an 
orbital  wave  function  involving  the  band  labels  m.  The  fer¬ 
mionic  character  mandates  the  global  wave  function  to  be 
antisymmetric  under  the  exchange  of  the  particles.  Hence,  if 
the  spin  and  orbital  wave  functions  have  the  same  parity,  the 
coordinate  wavefunction  has  to  be  antisymmetric  and  van¬ 


ishes  if  Xi=je2,  and  the  two  particles  cannot  interact.  Inter¬ 
acting  fermions  then  necessarily  form  a  spin  singlet  and  or¬ 
bital  triplet  {attractive  interaction)  or  a  spin  triplet  and  orbital 
singlet  (repulsive  potential).  The  scattering  matrix  is  the 
product  of  the  spin  and  orbital  scattering  matrices,^ 


S{lc)  = 


kI„-icP,, 

k-ic 


X 


kIm  +  icP„ 
k+ic 


(2) 


where  I„(I„)  and  P„{P„)  are  the  identity  and  permutation 
operators  for  the  spins  (band  indices),  respectively, 
k=k^-k2,  and  and  ^2  ate  the  wave  numbers.  Note  that 
each  factor  just  yields  one,  when  applied  to  the  triplet  state. 
Hence,  (2)  only  acts  on  the  (orbital  or  spin)  singlet  parts  of 
the  wave  function.  For  the  case  of  spin  and  orbital  singlets 
the  two  phase  factors  cancel  and  there  is  no  effective  inter¬ 
action.  In  summary,  the  orbital  and  spin  spaces  factorize. 
Since  the  scattering  matrix  for  each  channel  (spin  and  or¬ 
bital)  satisfies  the  triangular  Yang-Baxter  relation, their 
product  also  does  and  model  (1)  is  integrabie  for  any  number 
of  bands. 

Each  state  of  the  Hamiltonian  is  specified  by  one  set  of 
N  “charge”  rapidities  {ty},  one  set  of  M  “spin”  rapidities 
{Xj  and  «-l  sets  of  “orbital”  rapidities 

Imposing  periodic  boundary  conditions  we 
obtain  the  discrete  Bethe  ansatz  equations  satisfied  by  the 
rapidities^’'*'^ 

M  m<» 

exp(/A:/)=n  ei(A:^-Xjn  e^ik- j=\,...,N, 

a=l  /3=1 


N 


M 


;  =  1  /3=1 


a=  1 


,M, 


„(/-!)  „((+!) 

P=l  /3=1 

=  -11  e2{ta~if)>  oc=\,...,m^‘\  (3) 

where  /=  l,...,n- 1,  m^"^=0,L  is  the  length  of 

the  box,  and  ej{x)  =  {x-iicl2)l{x  +  ijcl2).  The  energy,  the 
magnetization  and  the  number  of  electrons  in  each  band  are 
given  by  E  =  l'J=ikj,  S2=\N-M,  and  respec- 
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lively;  For  n=l  Eqs.  (3)  reduce  to  those  of  the  gas  of  elec¬ 
trons  with  attractive  interaction,'*  for  M=0  to  the  multicom¬ 
ponent  Fermi  gas'*  and  for  «=2  to  the  model  diagonalized  in 
Ref.  2.  The  Bethe  ansatz  Eq.  (3)  are  also  closely  related  to 
those  of  a  variant  of  the  two-channel  Kondo  problem  which 
includes  charge  (valence)  fluctuations,  except  for  the  impu¬ 
rity  terms  and  the  expression  of  the  energy.^"’. 

In  the  thermodynamic  limit  and  for  the  ground  state  the 
solutions  to  Eq.  (3)  can  be  classified  in  analogy  to  the 
n -channel  Kondo  problem;^’  (i)  N-2M  real  charge  rapidi¬ 
ties  k  representing  unpaired  propagating  electrons;  (ii)  M 
pairs  of  complex  conjugated  charge  rapidities,  k=\±icl2, 
corresponding  to  bound  states  of  the  Cooper  pair  type;  (iii) 
real  orbital  rapidities  of  the  set  /,  and  two  strings 
forming  interband  bound  states  of  two  electrons, 

=  ^2^'^  ±  icl2.  Here  X,  and  ^2^*^  are  real  parameters  repre¬ 
senting  the  motion  of  the  center  of  mass  of  the  bound  state. 
Note  that  necessarily  m^'^=m['^+2m^\ 

The  solutions  are  now  inserted  into  the  Bethe  ansatz  Eqs. 
(3),  which  are  then  made  logarithmic  since  they  represent 
relations  among  phase  shifts.  They  are  defined  modulo  2tt 
and  yield  sets  of  integers  (or  half-integers),  one  for  each 
class  of  states,  which  are  the  quantum  numbers  of  the  many- 
body  problem.  All  integers  (half-integers)  within  a  given  set 
have  to  be  different,  since  the  rapidities  have  to  be  different 
to  guarantee  the  linear  independence  of  the  wave  functions. 
A  quantum  number  is  either  represented  in  a  set  (particle)  or 
missing  (hole)  giving  rise  to  Fermi  statistics  for  all  rapidities. 
In  the  thermodynamic  limit  the  distribution  of  rapidities  be¬ 
comes  dense  and  we  introduce  density  functions  for  the  par¬ 
ticles  and  holes  of  each  class  of  states:  p(k)  and  pi,(k)  are 
the  densities  for  states  in  class  (i),  a{\)  and  o),(X)  the  densi¬ 
ties  for  class  (ii),  and  and  the  densities  for  the 
real  ^  0  =  1)  and  two  strings  0=2),  /=  l,...,/i.  Differentiat¬ 
ing  with  respect  to  the  rapidities  we  obtain  a  set  of  linear 
integral  equations  for  the  density  distributions;  Fourier  trans¬ 
forming  we  have^’^'^ 

S((0)  =  Ph{(0)  +  p{l0)+  fi((o)&{0))- f 
-/2(w)^^'*(w), 

25(&))  =  o-A(tu)  +  [l+/2(w)]d-(w)+/,(w)p(w) 

-/2(  (U)  ^‘ •  >(  tu)  -  [/,  (  (U)  + /3(  0,)  ]  ^*2  ‘ ’( ‘O). 

^Ihi  w)  +  [  1  +/2(  ‘»)]^\'\  <o)  +  [/,  (  <o)+/3(  W) 

=  [^</-‘)(a,)-f-^l'"')(a,)]/,(a,)  +  [^y-‘’(w) 

+  ^r'Hw)]/2(w), 

^<2'i(  ^U)  +  [  1  +  2  /2(  CU)  +  /4(  (U)  ]  ^‘'>(  tu) 

=  [^l'-*>(a,)+0*'+')(a))]/2(w)  +  [^^‘>((u) 

+  ^‘2^  *'((«>)][/,(«) +/3(«)].  (4) 

where  the  hat  denotes  Fourier  transform,  ^f\o))^p{o)), 
^f{(x})=Sr{o)),  ^\"l(w)  =  ^"^(a))sO,  and 

/y(ft))=exp(-;|wc|/2). 


The  kinetic  energy,  the  number  of  electrons,  and  the 
magnetization  are  given  by 

^=1  dk  k^p(k)  +  2j  d\(k^-cV4)(T(\), 

—  =j  dk  p(k)  +  2j  d\a{\),  ^  ^2  j 

(5) 

We  now  restrict  ourselves  to  the  situation  of  degenerate 
bands,  i.e.,  the  absence  of  crystalline  fields.  For  degenerate 
bands  the  ^  rapidities  (both  the  real  rapidities  and  the  two 
strings)  fill  the  entire  real  axis,  so  that  the  hole  functions 
and  vanish  identically.  This  is  mathematically 
similar  to  the  orbital  singlet  condition  in  the  n -channel 
Kondo  problem.  The  densities  for  the  orbital  rapidities  can 
then  be  expressed  in  terms  of  p  and  a  and  eliminated  from 
Eqs.  (4) 

Fi{(t))  =  sin[(n  -  /)(t)c/2]/sinh(M  wc/2),  (6) 

Pkik)  +  pik)~+j%k'G,{k-k')pik') 
fQ 

-  d\Di\-k)cr(\),  (7a) 

J-Q 

1  fO 

o-a(X)  +  o-(X)  =  -+  dX'G2(X-X')(T(X') 

J-Q 

B 

dkD{k-\)pik),  (7b) 

-B 


(8) 

From  energy  considerations  we  have  that  p{k)  and  o(X)  are 
symmetric  functions,  being  nonzero  only  in  the  intervals 
[—ByB]  and  {-Q,Q\  respectively;  the  hole  distributions  are 
the  complementary  functions.  B  and  Q  are  determined 
through  Eq.  (5)  by  the  number  of  electrons  and  the  magne¬ 
tization. 

We  define  energy  potentials  for  each  class  of  states,  i.e., 
e(k),  ^\),  and  which  are  related  to  the  density  func¬ 
tions  via 

Ph^k)  +  p{k)  =  -  de(k)ld(27rti), 

(Tf,{K)  +  a{\)=  -  dipik)/ d{2'7rpL), 

where  p,  is  the  chemical  potential.  States  for  which  the  po¬ 
tential  is  negative  (positive)  correspond  to  particles  (holes), 
in  accordance  with  the  Fermi  statistics  obeyed  by  the  rapidi¬ 
ties.  Note  that  at  r=0  e(±B)  =  0,  0(±j3)=O  and  for  de¬ 
generate  bands,  i^'\±’x>)=0  for  ;  =  1,2.  The  integral  equa¬ 
tions  satisfied  by  e(k)  and  ifiK)  are  (degenerate  bands) 


where  Gj{k)  and  D(k)  are  the  Fourier  transforms  of 
C^(a»)  =  exp(-;la)c|/2)[sinh((n-y)wc/2)/sinh(nwc/2)], 
D(a>)  =  exp(-(/i-2)|wc|/2)[sinh(wc/2)/sinh(«wc/2)]. 
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fB 

e(k)=k^-^-HI2+j  dk'Gi[,k-k')e{k') 

-f^  d\D{'K-k)iji{S),  (9a) 

J-Q 

=  c2-ynJ+J%X'G2(\-X')<WJ^') 

B 

dkD{\-k)e{k).  (9b) 

-B 

The  orbital  potentials  with  string  index  7=1,2  are  negative 
everywhere 

K<'>(^)=f"  dkFu-k)m, 

J-B 

4'^(^)  =  f^  d\F,(^-\)^(\).  (9c) 

J-Q 

Equations  (9)  contain  the  same  physical  information  as  Eqs. 
(6)  and  (7);  the  zeroes  of  e(k)  and  (/(X)  provide  relations 
between  fl,  (2,  /t,  and  the  magnetic  field  H. 

In  zero  magnetic  field,  H=B-Q,  the  potential  dljk)  is 
positive  for  all  k.  Hence,  the  band  of  unpaired  electrons  is 
empty  and  all  electrons  are  spin  paired  in  Cocpcf-pair-like 
bound  states.  Equations  (7b)  and  (9b)  then  reduce  to  single 
Fredholm  integral  equations  for  a{\)  and  0(X).  A  magnetic 
field  H  larger  than  a  critical  value 

W,=  -2/Li-2f^  dXD(X)<^(X)  (10) 

J-Q- 

is  needed  to  overcome  the  binding  energy  of  the  Cooper 
pairs,  and  there  is  no  response  to  a  field  smaller  than  Hf. .  Tbe 
depaired  electrons  for  H>Hc  occupy  the  unpaired-electron 
band,  «(*),  and  give  rise  to  magnetization.  The  critical  field 
is  a  decreasing  function  of  the  band  filling  and  increases  with 
c.  He  vanishes  as  c— *0.  The  spin-paired  bound  states  are 
hard-core  bosons;  although  bosons  from  the  symmetry  of  the 
wave  function  and  their  spin,  the  Cooper  pairs  must  have  all 
different  quantum  numbers,  i.e.,  they  have  a  Fermi  surface. 
They  do  not  undergo  a  condensation  and  hence  there  is  no 
long-range  order. 

The  magnetization  is  proportional  to  (7/-//^)'^  if  the 
field  is  only  slightly  above  the  critical  one,^’*'®  as  a  conse¬ 
quence  of  the  one-dimensional  van  Hove  singularity  of  the 
empty  ^k)  band.  Hence,  and  while  the 

susceptibility  diverges  proportionally  to  (//-//<,)'‘^.  The 
specific  heat  at  low  temperatures  is  obtained  by  a  Sommer- 
feld  expansion  of  the  free  energy  and  the  potentials.  C  is 
proportional  to  T,  except  when  the  Fermi  level  is  at  a  van 
Hove  singularity,  where  it  is  proportional  to  The 


Cooper-pair  bound  states  do  not  cease  to  exist  at  finite  tem¬ 
perature  (7^=0)  and  are  still  the  dominant  states  if  J  is  low. 
At  T #0  the  system  responds  to  a  small  magnetic  field,  but 
the  susceptibility  is  exponentially  small  as  T^O. 

As  c— »0  the  integration  kernels  in  Eqs.  (7)  and  (9)  re¬ 
duce  to  S  functions  yielding  algebraic  equations.  In  zero  field 
we  obtain  o(X)=n/(27r)  and  p^(X)=0  for  lX|<j2,  and 
aA(X)=l/7r  and  p;,(X)=l/(2Tr)  if  |X|>j2.  Similarly,  we  have 
and  e(X)=0  for  |X|<j2,  and 
and  for  |X|<e.  The  critical 

field  vanishes  in  this  limit.  As  c— ►«>,  on  the  other  hand,  the 
Cooper-like  bound  states  become  strongly  bound  and  the  //<. 
required  to  depair  them  is  very  large.  Another  interesting 
limit  is  n-K»,  where  the  integration  kernels  reduce  to 
Lorentzians.  Note  that  the  limits  c-^0  and  «-»<»  cannot  be 
interchanged. 

Finally,  we  briefly  discuss  the  excitation  spectrum.  There 
are  three  types  of  excitations;  (i)  charge,  (ii)  spin,  and  (iii) 
interband  excitations.  Elemental  excitations  are  obtained  by 
adding  or  removing  a  rapidity  from  the  corresponding  set. 
The  energy  of  the  excitation  is  given  by  the  absolute  value  of 
the  energy  potential,  e.g.,  for  a  charge  with  rapidity  Xq  we 
have  A£ci,(Xo)=|0(Xo)l.  The  charge  excitation  vanishes  for 
Xo=±j2,  which  corresponds  to  the  Fermi  surface;  for  |Xo|<j2 
the  excitations  are  holes  and  for  lXo|>j2  they  correspond  to 
particles.  The  spin  excitation  energy  A£^(j(:)  =  |c(i(:)|  is  finite 
if  Hc>H  [spin  gap  of  2(//(,-//)];  however,  if  H>Hc  also 
this  band  has  a  Fermi  surface  given  by  ±B.  For  degenerate 
bands  the  interband  excitations  are  of  the  hole  type;  their 
excitation  energies  are  which  vanish  for  ^=±oo.  The 
momentum  of  each  excitation  is  parametrized  by  the  added 
or  removed  rapidity,  e.g.,  for  the  charges  it  is 
=  27r/p“dX[crA(X)  +  (r(X)]  similar  expressions  hold  for 
the  other  classes  of  excitations.  The  Fermi  momentum  for  the 
charges  is  pp={vl2){NIL),  while  the  one  for  the  spin  ex¬ 
citations  {H>He)  is  determined  by  the  magnetization. 
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Recently  a  new  family  of  heavy  fermions  (e.g.,  Ce3Bi4Pt3)  has  been  discovered  which  is 
characterized  by  an  insulating  ground  state.  SimUar  behavior  has  been  found  in  some  transition 
metal  compounds  like  FeSi.  We  introduce  a  two-band  model  to  describe  the  physical  properties  of 
these  systems.  Coulomb  correlations  in  the  narrow  band  are  treated  beyond  the  mean  held  approach. 

We  find  that  a  critical  value  of  the  hybridization  is  required  to  open  a  gap  that  produces  an 
insulating  ground  state.  We  discuss  the  scaling  properties  of  these  systems  close  to  V^-  The 
temperature-dependent  magnetic  susceptibility  calculated  in  our  model  is  in  good  agreement  with 
experimental  results. 


Recently  a  new  family  of  heavy  fermions  has  been  dis¬ 
covered  which  is  characterized  by  an  insulating  ground 
state.*"^  Similar  behavior  has  also  been  found  in  the 
transition-metal-based  compound  FeSi.  Although  the  general 
approach  to  the  former  systems  is  based  on  an  Anderson 
lattice  Hamiltonian, we  shall  introduce  here  a  two-band 
model  aiming  for  a  unified  description  of  both  kinds  of  ma¬ 
terials.  The  Hamiltonian  describing  our  system  is 

^”2  l{,]f jfff lo'^'2  2 

ij<T  ija  «r 

+  (1) 

i<r 

where  ///  gives  the  hopping  probability  for  electrons  in  the 
large,  uncorrelated  5-like  band  and  in  the  narrow  d  ox  f  band, 
which  from  now  on  we  refer  to  generally  as  an  /  band.  The 
c,„  create  and  destroy,  respectively,  electrons  in  the  wide 
band  and  are  creation  and  annihilation  operators  for 

electrons  in  the  narrow  /  band.  The  Coulomb  interaction 
between  /  electrons  in  the  same  site  is  given  by  U.  V  is  the 
mixing  term  and  n{„= ftafia  •  If  I*  were  not  for  the  Coulomb 
term,  the  Hamiltonian  above  could  be  exactly  diagonalized 
giving  rise  to  two  hybrid  bands.  However,  the  many  body 
term  due  to  the  strong  interaction  U  makes  this  a  difficult 
problem  for  which  an  approximation  must  be  introduced. 
Here  we  shall  extend  for  the  two-band  problem  the  so-called 
Hubbard  I  approximation®  which  goes  beyond  the  mean-field 
treatment.  It  is  very  appropriate  for  the  problem  studied  here 
where  the  systems  we  are  describing  have  insulating  ground 
states  and  no  long-range  magnetic  order.  Employing  the 
equation  of  motion  method,^  we  find  for  the  /  electron 
propagator,  in  the  limit 

^ _  (1 --(«{.  J)(w- 4) _ 

(2) 


and  a  similar  expression  is  obtained  for  the  s-electron  propa¬ 
gator. 

We  can  see  from  Eq.  (2)  that  the  main  role  of  the  inter¬ 
actions  is  to  renormalize  the  mixing  term  and  the 
/-electron  propagator  through  the  contraction  factor 
o-)).  The  effective  mass  nif  defined  by  e{=h^k^l2mf 
is  also  renormalized.  Incidently  the  contraction  factor  ob¬ 
tained  here  is  different  from  the  one  which  arises  using  the 
Slave-Boson^'®  or  Gutzwiller®  approaches  where  it  is  given 
by  {l-<«0)  with  (n^)  =  S,,(«i). 

Since  we  are  interested  in  paramagnetic  solutions, 
{nL„)  =  {n{j).  Besides  due  to  a  special  symmetry  of  the 
bands  we  shall  consider  here  and  the  fact  that  we  have  one 
electron  /  per  unit  cell,  the  largest  value  these  averages  can 
assume  is  j.  In  this  case  the  contraction  factor  is  given  by 
(l-(nf  and  the  effective  hybridization  V  remains  fi¬ 
nite  at  all  temperatures. 

The  new  excitations  of  the  system  are  given  by  the  poles 
of  the  propagators 


(w-4)(w--4)-V^  =  0  , 

(3) 

where 

(4) 

(-‘5) 

Equation  (3)  has  the  following  roots: 

w^^{k)  =  '2  {.4+  4±yl{el-4)2  +  4v2)  . 

(6) 

In  order  to  obtain  explicit  results  for  the  density  of  states  we 
introduce  a  model  of  homothetic  bands®  which  consists  in 
taking 


The  quantity  a  may  be  interpreted  as  taking  into  account 
the  different  effective  masses  of  the  /  and  s  electrons,  i.e., 
{mjmf)=a.  We  have  included  in  the  parameter  a  the  renor¬ 
malization  of  the  /-electron  mass  due  to  the  contraction  fac¬ 
tor  {l-{nL„))  arising  from  the  Coulomb,  repulsion  between 
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FIG.  1.  The  magnetic  susceptibility,  in  arbitrary  units,  as  a  function  of 
temperature  for  different  parameters  (see  the  text).  A  is  the  bandwidth  of  the 
large  band. 


electrons  of  opposite  spins  in  the  same  site.  The  quantity 
which  gives  the  shift  of  the  /  band  with  respect  to  the  large 
s  band  also  includes  the  contraction  factor.  Introducing  two 
new  functions  gi(H')  and  through  the  equation 

[w-H',(*)][w-W2(/:)]  =  a[g,(tv)-e*][g2(H')-c*]  (8) 


we  get,  in  terms  of  these  new  functions,  the  s  and  /  contri¬ 
butions  to  the  density  of  states  of  the  new  hybrid  bands.  For 
the  /  contribution  to  the  first  hybrid  band  we  find 


f  ,  ,  l/'[w',gi(w)]|  ^  ^  , 

and  for  the  second 

f  ,  ,  \f'[w,g2(w)]\  ^  ^ 


where 

fi{w)  =  {l-{nL„))(w-4) 


(11) 


with  similar  equations  for  the  s  contribution  to  the  density  of 
states.  Now  it  remains  to  find  the  functions  gi,2(‘'')  which 
can  be  obtained  from  Eq.  (8).  We  get 

1  /  1 

8i,2i^)  =  2^  l(l  +  a)w-2  A(l-a) 


1 

2 

± 

(l-a)w--  A(l-a) 

+  4aF2 

(12) 

A  is  the  width  of  the  large  s  band  and  appears  in  the 
above  equation  because  the  parameter  )3,  which  determines 
the  position  of  the  /  band,  was  fixed  by  the  condition  that  the 
center  of  this  /  band  coincides  with  that  of  the  large  band  at 


the  energy  A/2  for  1^=0.  For  symmetric  bands  this  arrange¬ 
ment  is  particularly  useful  since  when  the  hybridization  is 
turned  on  and  is  sufficiently  strong,  we  obtain  two  symmetric 
hybrid  bands  separated  by  a  gap,  each  one  of  which  can 
accommodate  exactly  two  electrons.  Then  in  the  case  of  the 
1.5  electrons  per  unit  cell  that  we  are  considering,  the  Fermi 
level  sits  in  the  middle  of  the  gap  and  does  not  shift  with 
temperature.  Further  for  symmetric  hybrid  bands  it  can  be 
easily  shown  that  the  factors  (n^)  are  temperature  indepen¬ 
dent  implying  that  this  is  also  the  case  for  the  parameters  a 
and  Since  the  total  number  of  f  electrons  is  (n^)=  j,  we 
get  (n^)=i  for  paramagnetic  solutions  and  the  contraction 
factor  is  given  by  (!-(«(. (,))  =  !  independent  of  temperature. 
Within  a  contraction,  solution  the  same  ground  state  occurs 
for  («^) +  («(.(,=  j  with  the  total  number  of  electrons  being 
two  per  unit  cell. 

The  equation  for  the  gap  can  be  obtained  from  the  dif¬ 
ference  in  energy  between  the  top  of  the  first  hybrid  band 
and  the  bottom  of  the  second.  We  find 


/A^(l-a;)^  A 

Ag=( - 4 - +4V2  -d  +  a)-.  (13) 


Consequently  for  a  two-band  system  the  opening  of  a  hybrid¬ 
ization  gap,  contrary  to  what  occurs  for  the  Anderson  lattice 
model,  requires  a  critical  value  of  the  hybridization  which  is 
given  by 


For  transition  metal  compounds  where  the  ratio 
®rf~("*i/t”rf)  is  larger  than  that  for  rare-earth  systems 
af={mjmf),  a  larger  value  of  the  hybridization  is  required 
to  open  a  gap.  A  comparison  of  the  magnitude  of  the  critical 
hybridization  parameter  with  the  usual  values  of  the  hybrid¬ 
ization  for  Ce,  U  systems  and  for  transition  metals,  shows 
that  may  be  sufficiently  large  to  make  the  phenomenon  of 
hybridization  gaps  rather  unusual  especially  in  transition- 
metal-based  compounds  where  Uj  is  not  such  a  small  num¬ 
ber.  Note  that  the  many-body  contraction  factor,  which  renor¬ 
malizes  both  and  a,  cancels  out  in  Eq.  (14).  Consequently 
whenever  the  interacting  system  is  insulating  the  same  holds 
for  the  noninteracting  one  {U =0)  in  agreement  with  Lutting- 
er’s  theorem.  Sufficiently  close  to  ,  the  gap  opens  as 

4,/a 

iv-Vc) .  (15) 

Consequently,  the  gap  exponent  s,  defined  as 
Ag~(F-  assumes  within  our  approach  the  value  s  =  l. 
This  gap  defines  a  characteristic  temperature 
which  for  F-Vc  appears  in  the  argument  of  the  scaling 
functions**^  of  the  thermodynamic  quantities  as  f(TIT^).  The 
scaling  form  of  the  energy  density  /,  close  to  is  given  by 

HV-Vf-^MTIT,)  .  (16) 

The  physical  behavior  of  the  system  dictates  the  limiting 
form  of  the  scaling  function  foix).  We  have 
/o(x-»0)~e'*^'‘,  appropriate  to  an  insulator  and  at  high 
temperatures,  as  expected,  one  has  a  degenerate  Fermi  gas. 
The  specific  heat  C  =  Td^fldT^  behaves  as  C~ 


J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Continentino,  Japiassu,  and  Troper  6735 


AT  for  Tc<T  and  C=AT  for  T>T(.  where 

A~\V-Vc\^~"~^’'^ .  The  mean  field  exponents  a=0,  vz=l 
yield  j4=constarit,  independent  of  pressure  for  example. 
Since  in  our  approach  the  effect  of  an  external  mapetic  field 
is  essentially  to  shift  the  bands,  the  scaling  form  of  the  free 
energy  density  in  the  pressure  of  such  a  field  h  is 
HV-V,\^-JriT/T„  hIK),  where  From 

this  equation  the  susceptibility  can  be  easily  obtained. 

We  can  see  that  the  effect  of  the  interactions  are  solely 
incorporated  in  the  parameter  a  in  Eq.  (15),  its  role  being  to 
reduce  the  gap,  as  compared  to  the  noninteracting  system. 
However,  the  inclusion  of  interactions  does  not  modify  the 
critical  exponent  s.  This  mean  field  exponent  (s=l)  may 
well  be  appropriate  to  describe  the  strongly  correlated  Kondo 
insulators  due  to  dimensionality  shifts  associated  with  quan¬ 
tum  phase  transitions.*®  In  Fig.  1  we  show  the  magnetic  sus¬ 
ceptibilities  for  different  values  of  the  ratio  of  effective 
masses  a  and  effective  mixing  V,  with  V>V(..  They  show 
the  same  qualitative  behavior  of  the  experimental  data  and  in 
particular  that  for  FeSi  where  the  susceptibility  actually  goes 
to  zero  exponentially  after  subtracting  a  tail  due  to  paramag¬ 
netic  impurities.*  Other  thermodynamic  quantities  can  be 
readily  obtained  using  the  hybrid  band  density  of  states  and 
the  Kubo-Greenwood  formula.**  and  will  be  preseneted  in  a 
future  publication.*^ 

The  metal  ytterbium  has  physical  properties  which  are 
useful  to  compare  with  those  of  the  materials  studied  here. 
For  moderate  applied  pressures,  Yb  has  a  metal-insulator 
transition  due  to  the  opening  of  a  hybridization  gap.*®  This 
material  can  then  be  considered  as  a  typical  case  for  which 
the  condition  V>V'c  is  not  fulfiled  but  can  be  reached  by 


applying  pressure.  On  the  other  hand,  the  essential  difference 
between  Yb  and  the  Kondo  insulators  is  the  strength  of  the 
many-body  interaction  which  should  be  negligible  in  the 
former  system.  It  is  interesting  that  a  large  T®  term  occurs  in 
the  resistivity  of  metallic  Yb  which  is  enhanced  as  the  metal- 
insulator  transition  is  approached  even  though  the  /  electrons 
are  always  sufficiently  below  the  Fermi  level  and  do  not  play 
any  role  in  this  transition.*"* 
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Using  experimental  data  for  magnetic  hyperfine  fields  obtained  through  the  technique  of  time 
differential  perturbed  y-y  angular  conelations  (TDPAC)  in  the  highly  diluted  system  Cei?  (R=Gd, 
Tb),  we  theoretically  discuss  the  formation  of  the  local  moments  at  the  Ce  impurity  site,  adopting 
an  intermediate  valence  model.  The  ferromagnetic  rare-earth  host  is  considered  as  a  transition  metal 
in  the  beginning  of  a  5d  series  and  the  CeR  alloys  are  described  as  strongly  d-f  correlated  and 
hybridized  systems.  One  calculates  the  hyperfine  field  which  reproduces  quite  well  the  experimental 
data.  The  Ce  valence  in  these  systems  is  also  obtained,  giving  values  in  good  agreement  with 
experimental  results  and  theoretical  claims  involving  Gd  and  Tb  band  calculations.  Some  comments 
about  the  diluted  systems  Ybi?  (R=Gd,  Tb)  are  also  made. 


At  the  present  very  extensive  experimental  data  on  the 
hyperfine  fields  at  the  sites  of  diluted  n-d  transition  impu¬ 
rity  ions  («=3,4)  in  ferromagnetic  Gd  are  available  in  the 
literature.’  More  recently,  Boysen  et  al?  reported  systematic 
experimental  hyperfine  data  of  diluted  3d  ions  in  ferromag¬ 
netic  Tb  and  also  some  hyperfine  data  of  diluted  5d  ions  in 
this  same  host  were  obtained.^  From  the  measured  magnetic 
hyperfine  fields  in  these  locally  perturbed  rare-earth  hosts 
one  can  estimate  the  local  magnetic  moments  formed  at  the 
impurity  sites.  For  instance,  the  local  magnetic  moments 
change  sign  when  one  goes  from  the  first-half  to  the  second- 
half  of  the  3d  series. 

In  order  to  explain  these  data,  it  has  been  invoked^"*  that 
the  main  interaction  between  rare-earth  host  ions  (Gd  or  Tb) 
is  due  to  a  direct  d-d  mechanism,  thus  neglecting  the 
Ruderman-Kittel-Kasuya-Yosida  (RKKY)  interaction  be¬ 
tween  rare-earth  4/  moments.  The  proposal  is  based  on 
Moriya*  rules:  if  one  regards  a  ferromagnetic  rare-earth  host 
like  Gd  or  Tb  as  a  transition  metal  in  the  beginning  of  a  5d 
series,  one  always  should  expect  a  sign  reversal  in  the  local 
moments  when  one  passes  from  the  first-  to  second-half  of 
the  n-d  series.  These  predictions  agree  qualitatively  for  the 
case  of  3d  impurities.  On  the  other  hand,  all  5d  impurities 
diluted  in  Gd  ha”e  negative  moments  (with  the  possible  ex¬ 
ception  of  Lu)^  and  the  available  data  ot  5  d  ions  diluted  in 
Tb  (e.g.,  TaTb  and  UTb)  show  a  total  negative  magnetic 
hyperfine  field  and  small  negative  moments.^’* 

So,  it  was  suggested  that  an  alternati'.e  theoretical 
approach^"’  based  on  an  extended  RKKY  picture  which  can 
describe  adequately  the  hyperfine  field  systematics  of  all 
<I-transition  impurities  placed  in  the  heavy  ferromagnetic 
hosts  Gd  and  Tb.  This  picture  brings  out  the  fundamental 
roie  pi-yed  by  the  4/  moments  in  driving  the  ferromagnetic 
properties  of  these  medals  and  takes  into  account  properly  the 
transition  metal-like  chaiacier  of  these  materials,  i.e.,  the  ex¬ 
istence  of  conducting  s  and  d  bands.  Within  this  picture,  we 
explained  adequately  the  hyperfine  field  systematics  of  the  d 
impurities  placed  in  Gd  and  Tb. 


In  this  work  we  want  to  discuss  some  available  hyperfine 
field  data  on  CeR  and  YbR  (R=Gd,  Tb)  alloys  trying  to 
insert  them  in  the  hyperfine  field  systematics  of  5  d  impuri¬ 
ties  placed  in  these  rare-earth  hosts.  Experimental  results 
concerning  isomer  shifts  of  the  5d  Mossbauer  element  '®^Ir 
diluted  in  Gd  and  Tb  show  that  they  are  nearly  constant,  the 
value  of  2  mm/s  being  in  good  agreement  with  the  system¬ 
atic  of  isomer  shifts  of  ’®^Ir  in  5rf  transition  metal  hosts.^’® 
The  same  feature  of  almost  constant  isomer  shifts  is  obtained 
for  the  3d  Mossbauer  element  Fe  placed  in  FeR  (R=Gd, 
Tb).^'®  This  suggests  that  the  host  s-p  and  J-band  occupa¬ 
tions  are  quite  the  same  for  these  rare-earth  metals.  Band 
calculations'®’”  have  shown  indeed  that  Gd  and  Tb  exhibit  d 
bands  contributing  a  high  density  of  states  around  the  Fermi 
level. 

One  can  estimate^  from  the  above-mentioned  band  cal¬ 
culations  tne  d-  and  s-p  band  occupation  numbers  for  both 
metals  as  being,  respectively,  {nj)=2.2  electrons  (per  host 
atom)  and  (n^)=0.8  electrons  (per  host  atom)  giving  a  S’*" 
configuration:  (n^)  +  («j.)=3.0  electrons  (per  host  atom).  Gd 
is  the  only  rare-earth  metal  which  goes  directly  from  the 
paramagnetic  phase  to  the  ferromagnetic  one  with  a  Curie 
temperature  Tc  equal  to  298  K.  The  saturation  magnetic  mo¬ 
ment  at  very  low  temperature  is  7.63/4^  which  is  larger  than 
the  Ips  value  corresponding  to  the  trivalent  Gd®*^.  Tb  metal 
undergoes  two  magnetic  transitions  characterized  by  the 
Neel  temperature  {Tff =229  K)  and  the  Curie  temperature 
Tc  iTc=221  K)  and  at  very  low  temperature  the  saturation 
magnetic  moment  is  9.34/^^ ,  which  has  to  be  compared  to 
the  theoretical  value  of  9 Pb>  expected  for  the  trivalent  ion 
Tb®'". 

The  ferromagnetism  of  these  “normal”  rare-earth  metals 
is  described  in  a  simple  Stoner-type  picture  by  two  d-spin 
subbands  split  by  and  exchange  energy,  driven  mainly  from 
the  exchange  interaction  between  the  effective  4/  moment 
and  the  d  electrons.  Moreover,  one  assumes  that,  due  to  host 
hybridization,  the  s-p  and  d-conduction  bands  have  antipar¬ 
allel  magnetizations,  as  occur  in  Fe  metal.®’®’'^ 
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The  technique, of  time  differential  perturbed  7-7  angular 
correlations  (TDPAC)  has  been  widely  used  in  the  last  years 
to  obtain  new  information  about  the  formation  of  local  mag¬ 
netic  moments  of  Ce  impurities  in  metallic  elements.’^  In 
particular  the  Cei?  (R=Gd,  Tb)  systems  where  studied 
through  this  technique  by  Thiel  et  suggested  that  the 
single  Ce  ion  in  Ce/?  systems  (R=Gd,  Tb)  is  in  an  interme¬ 
diate  valence  (IV)  state. 

We  assume  that  in  an  IV  regime  the  Ce  4/  level  ef, 
which  is  fractionally  occupied,  is  strongly  admixed  with  host 
conduction  states  and  lies  very  close  to  the  Fermi  energy  of 
the  system,  i.e.,  e/<A,  A  being  the  4/  resonance  width. 

The  magnetic  hyperfine  field  at  rare-earth  impurity  nuclei 
placed  in  Gd  or  Tb  metals  is  determined  by  a  combination 
arising  from  both  conduction  electron  polarization  (CEP)  and 
core  polarization  (CP)  fields.  The  CEP  field,  which  is  due  to 
the  polarization  of  s-p  conduction  electrons,  is  given  by 

//<;^»=A(Z)m,(0)  ,  (1) 

where  A  (Z)  is  the  hyperfine  contact  parameter**  and  mdO)  is 
the  s-p  magnetization  at  the  impurity  site.  Using  Camp¬ 
bell’s  data**  for  La  and  Lu  one  gets  for  Ce  the  value 
A(Z)=3.23X10^  kOe.  Due  to  the  5d  character  ascribed 
to  the  anomalous  rare-earth  Ce  impurity,  a  CP  arises  from  its 
localized  d-magnetic  moment  which  polarizes  the  impurity 
electron  core,  similar  to  the  case  of  a  transition  element  im¬ 
purity.  It  can  be  written  as 

//{,f=-Alfp‘'W0),  (2) 

where  A|;p**  is  a  positive  CP  coupling  parameter,  of  the  order 
of  1200/iB  *  kOE  for  the  5d  series  and  ihjiO)  is  the  d  mag¬ 
netization  at  the  impurity  site.  The  4/  resonance  in  the  local 
density  of  states  (“impurity  site’’)  introduces  an  extra  con¬ 
tribution  to  the  CP  hyperfine  field.  This  extra  CP  hyperfine 
field  is  due  to  the  occunence  of  a  d-/  transferred  local  / 
magnetization  m/(0).*^  One  has 

«h{--Al?p%(0)  ,  (3) 

where  A^/*  is  a  positive  coupling  constant,  the  value 
adopted  here  being  1500  kOe. 

The  total  hyperfine  field  is  then 

//^  =A(Z)m,(0)-A^"pmj(0)-A^^pdi/0)  .  (4) 

In  Ref.  12  it  is  shown  that  ihf{0)  is  parallel  to  md(0): 

mf{0)  =  ^jfmd{0)  =  UdfPf(EF)mj(0)  ,  (5) 

where  Ujf  is  an  effective  d-/  Coulomb  type  interaction  and 
Pj{Ep)  is  the  density  of  states  of  the  4/  resonance  at  the 
Fermi  energy.  Thus,  the  total  hyperfine  field  is 

//u=A(Z)m,(0)-A<^p‘'>[l  +  (AWVA[fp‘'>)^,/]/n,(0)  . 

(6) 

The  self-consistent  calculation  of  m^{0)  and  which 

are  the  solution  of  a  Koster-Slater  problem  are  given  in 
detail  in  Refs.  5  and  6; 


m„{Q) 

pMf(E)dE 

(7) 

where  Pao(E)  is  the  unperturbed  density  of  states  of  a  or 
subband  with  spin  <t  {a=s-p  or  d),  FaJfi)  is  its  Hilbert 
transform,  /(£)  is  the  Fermi  Dirac  function,  and  p  is  the 
chemical  potential.  At  T =0  K,  one  has  p=Ep.  The  localized 
potentials  are  self-consistently  obtained  via  the  Friedei  sum 
rule 

AZ“=2  AZ“(V„J 


= - 2j  arctan 

^  a 


‘JrVgap  a(T  {Ef) 


(8) 


where  AZ“  is  the  charge  displaced  by  the  potential  in  the 
a  subband  of  a  electrons  and  Kc  accounts  for  degeneracy; 
one  has  £^=4  and  £^=5. 

Let  us  now  focus  our  attention  to  the  CeGd  system.  It  is 
believed  that  the  Ce  valence  in  an  IV  state  lies  in  the  range 
(3.2-3.4).  This  implies  in  our  picture  that  v  electrons  in  the 
range  0.2-0.4  are  transferred  to  the  d  band  and  are  screened 
via  Eq.  (8),  thus  fixing  a  local  d  magnetization  mj(0)  ob¬ 
tained  through  Eq.  (7).  Thus,  the  total  hyperfine  field  is  fixed 
when  (df  is  specified,  since  all  the  other  terms  in  Eq.  (6)  are 
known  if  one  adopts  the  same  parameters  of  Refs.  5  and  6. 
We  adopted  for  ^df-^dfPfiEp)  the  value  ^d/‘’3.6.  This 
choice  yields  for  r=0  K  a  total  negative  hyperfine  field 
//i,f=-537  kOe  which  is  in  good  agreement  with  the  value 
obtained  by  Thiel  et  «/.*■*  which  is:  |//hfl=540  kOe  and  with 
the  whole  systematic  of  5d  impurities  diluted  in  Gd  which 
are  always  negative.  The  choice  ^^^=3.6  yields  a  valence 
state  of  3.25  (v=0.25)  and  therefore  the  Ce  configuration  is 
4/*’*  5d*'^  6s^,  which  is  consistent  with  the  results  ob¬ 
tained  in  Ref.  17.  The  self-consistently  calculated  local  mo¬ 
ments  are  mci0)  =  -0.056pB  and  mrf(0)  =  0.054/r.g. 

Let  us  now  discuss  the  CeTb  system.  At  T =0  K,  the 
experimental  value  estimated  for  the  total  hyperfine  field  is:** 
f/i,f-550  (80)  kOe.  Assuming  that  the  Ce  valence  state  in 
CeTb  is  the  same  as  in  CeGd,  i.e.,  i'=0.25,  our  calculated 
self-consistent  local  moments  are  mp(0)=-0.0314/iB  and 
;nrf=0.0280/i5.  In  order  to  fit  the  experimental  value  one 
adopts  ^df=9.86  and  then  one  obtains:  //|,f=-543  kOe  at 
T =0  K.  in  good  agreement  with  the  experimental  result.  No¬ 
tice  that  accounts  for  the  high  density  of  states  of  the  / 
resonance  Pf  (Ep)  at  the  Fermi  level  and  for  the  strong  ef¬ 
fective  d-f  correlation  and  so  one  can  make  a  comparison 
between  the  adopted  values  of  ^df  for  CeGd  and  CeTb.  One 
has 


^dfiCeTb)  9.86 

- -  = - =2  74 

^dfiCeGd)  3.60 

Remembering  that  ^df~UdfPi{Ep)  and  assuming  that 
Gdf  is  almost  the  same  for  both  systems  and  that  PfiEp)  is 
roughly  proportional  to  the  d  peak  of  the  density  of  states  at 
the  Fermi  level  of  the  hosts,  one  has 
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pfiEp) 

^,f{CcGd)  p“(£f)  • 


From  band  calculations*®’”  one  has  pP’(£f)=66  states  per 
atom  per  Rydberg  whereas  p^{Ep) =25  states  per  atom  per 
Rydberg;  thus  [p^iEf)]/[pj%Ef)]=2.64,  in  a  good  agree¬ 
ment  with  our  adopted  values. 

The  existence  of  such  sharp  peaks  near  the  position  of 
the  Fermi  level  are  responsible  for  the  steep  drop  with  tem¬ 
perature  of  the  local  d  magnetizations  and  therefore  of  the 
effective  core  polarization  contributions  to  the  hyperfine  field 
[see  the  last  term  in  Eq.  (6)],  whereas  the  s-p  contribution 
remains  almost  constant  with  temperature.  Thi^  effect  should 
be  more  dramatic  in  CeTb  than  in  CtGd  as  is  indeed  experi¬ 
mentally  verified.*'*’*® 

As  a  final  comment  let  us  briefly  discuss  the  Yb£  sys¬ 
tems.  Yb  is  an  anomalous  rare  earth  with  a  2^  ionic  configu¬ 
ration:  4/*'*  5d®6s^.  The  hyperfine  field  of  Yb  embedded  in 
Gd  was  obtained  firom  Mossbauer  experiments  yielding  the 
value:  f^|,f{YbGd)= -280(10)  kOe,*®  which  is  almost  tem¬ 
perature  independent.  These  authors  argued  that  the  values  of 
the  hyperfine  field,  together  with  isomer  shift  measurements, 
support  the  assumption  that  Yb  in  YbGd  is  in  a  2*  state  and 
has  no  /  moment.  We  used  the  same  s-p  local  magnetiza¬ 
tion  calculated  for  CeGd,  since  in  both  the  Ce  and  Yb  cases 
one  has  the  same  6s^  ionic  configuration.  From  Ref.  16  one 
gets  (interpolating  between  the  La  and  Lu  coefficients): 
A(Z)=4.67X10®  pfl*  kOe  and  then  //hf=//J?=-260  kOe, 
which  agrees  quite  well  with  the  experimental  value. 

As  far  as  the  YbTb  system  is  concerned  there  are  no 
available  experimental  hyperfine  field  measurements.  Using 


the  same  assumptions  as  made  for  YbGd,  one  can  predict  the 
following  value  for  the  hyperfine  field.  Hk{=Hl^ = - 14'7  kOe 
which  should  remain  almost  constant  in  temperature  due  to 
the  flatness  of  the  Tb  s-p  conduction  band. 
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Thermoelectric  power  studies  of  a  Ndi.82-xSrxCeo.i8CuOy  superconducting 
System  (abstract) 
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We  have  reported  recently  on  the  revival  of  superconductivity  in  Ndj  82Ceo,i8CuO^  by  doping  with 
a  divalent  alkaline  earth  element.  The  doped  superconductor  Ndj  82-;tSr;tCeo.i8CuO^  has  a  Nd2Cu04 
(T'-type)  structure.  This  system  possesses  a  normal  state  metallic  resistivity  [p(7’)]  in 
polycrystalline  form.  The  p{T)  versus  temperature  (T)  plots  are,  in  general,  linear.  We  report  here 
the  results  of  our  studies  of  p(T)  and  thermopower  5(7)  and  their  dependence  on  the  lattice  oxygen 
content  (y)  that  is  a  function  of  the  Sr-content  x.  The  dp(T)ldT  improves  and  then  deteriorates  with 
an  increase  iny.  However,  the  thermopower  behavior  is  a  more  complicated  function  ofy  (orx)  and 
its  results  indicate  that  the  majority  of  the  charge  carriers  are  electronlike.  The  thermopower  (in 
absolute  value)  of  the  superconducting  Ndi  73Sroo9Ceo.i8Cu03  97  compound  gradually  decreases 
from  250  to  150  K,  remains  almost  constant  from  150  to  75  K,  decreases  very  fast  below  75  K,  and 
shows  negative  dSIdT.  The  overall  feature  of  the  5  vs  7  plot  suggests  that  the  main  contribution  to 
5  is  from  diffusion.  Unlike  reduced  Ndj  82Ceo  i8Cu04oi  and  other  electron-doped  superconductors, 
we  have  not  observed  a  peak  near  the  transition  temperature  (7^)  on  the  higher  temperature  side  of 
the  5  vs  7  plot  of  the  present  sample.  An  attempt  is  made  to  explain  the  salient  features  of  the 
thermopower. 


The  magnetic  and  superconducting  properties  of  Pb2Sr2(R/Ca)Cu308, 
R=Pr,  Ce,  and  Cm  (abstract) 

J.  Simon  Xue,  C.  W.  Williams,  and  L.  Soderholm 
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The  series  of  compounds  Pb2Sr2(R/Ca)Cu308,  (R=Ce-Tm)  are  known  to  superconduct  at 
temperatures  as  high  as  7,, =84  K.  We  have  studied  the  relationship  between  superconductivity  and 
magnetism  in  the  Ce  and  Pr  analogs.  In  addition,  we  report  the  synthetic  route  and  the  magnetic 
properties  of  the  actinide  analog  Pb2Sr2(Cm/Ca)Cu308.  The  parent  compound  Pb2Sr2CmCu308  is 
not  a  superconductor,  but  shows  evidence  of  long  range  magnetic  ordering  at  about  18  K.  This  is  a 
much  higher  temperature  than  is  observed  for  any  of  the  other  R-ion  parent  compounds.  These 
results  will  be  discussed  in  terms  of  the  different  hybridization  and  bonding  properties  of  the  4/  and 
5/  electrons,  and  how  these  differences  influence  superconductivity.  These  results  will  be  compared 
with  the  Pr  and  Cm  analogs  of  the  other  superconducting  series  »'Ba2Cu307  and  R2_^Th;tCu04. 
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and  Mossbauer  studies  on  Lai.25Ndo.6Sro.i5Cu04: 
Evidence  for  local  magnetic  ordering  below  -32  K  (abstract) 

M.  Breuer,  B.  Buchner,  and  H.  Micklitz 

II  Physikalisches  Institut,  Universitdt  zu  Koln,  Zulpicher  Strasse  77,  5000  Koln  41,  Germany 

E.  Baggio-Saitovitch,  I.  Souza  Azevedo,  and  R.  B.  Scorzelli 

Centro  Brasileiro  de  Pesquisas  Fisicas,  Rua  Xavier  Siguad  150,  22290-180  Rio  de  Janeiro,  Brazil 

M.  M.  Abd-Elmeguid 

Experimentalphysik  IV,  Ruhr  Universitdt,  4630  Bochum,  Germany 

and  Mossbauer  effect  studies  on  0.5  at.  %  ^^Fe  or  *^^Sn  doped  nonsuperconducting 
Laj  25Ndo.6Sro.i5Cu04  in  the  temperature  region  3{M)  75^4. 2  K  reveal  an  onset  of  local  magnetic 
ordering  occurring  at  Tm  s32  K  for  both  ^^Fe  as  well  as  ”®Sn-doped  samples.  The  local  mapetic 
ordering  shows  up  in  the  presence  of  a  very  large  transferred  hyperfine  field  of  B,|,fSll.0(5)  T  at  the 
**®Sn  nuclei.  Since  such  a  large  field  is  present  in  neither  antiferromagnetic  La2Cu04 
superconducting  Lai  85Sro.i5Cu04  "or  overdoped  La2_^Sr;tCu04  (jc=0.4),  the  occurrence  of  such 
local  spin  correlations  seems  to  be  a  signature  of  the  nonsuperconducting  low  temperature  tetragonal 
phase  of  Lai,25Ndo,gBro.i5Cu04. 


Peculiarities  of  inelastic  neutron  scattering  on  magnons  in  high-Tc 
materials  of  stoichiometricai  composition  Nd2Cu04,  La2Cu04,  and 
YBa2Cu306  (abstract) 

Yu.  Pashkevich  and  M.  Larionov 

Donetsk  Phys.-Tech.  Inst.  Ukr.  Acad.  Sci.,  R.  Luxemburg  strasse  72,  340114  Donetsk,  Ukraine 

This  paper  focuses  on  the  phenomenon  of  the  “exchange  amplification”  of  inelastic  neutron 
scattering  as  compared  to  the  elastic  one  around  some  Bragg  peaks  on  small  transferred  momenta 
and  energies.  The  effect  is  closely  connected  with  increasing  of  the  amplitude  of  uniform  vibrations 
of  some  spin  linear  combinations.  Since  all  the  above-mentioned  magnetics  are  multisublattice 
quasi-two-dimensional,  those  with  an  anomalously  large  intralayer  exchange  as  compared  to  the 
interlayer  one  has  the  exchange  amplification  effect  for  the  exchange  and  acoustic  modes  for  all 
wave  vectors  directed  perpendicularly  to  layers  right  up  to  the  Brillouin  zone  edge.  The  same  effect 
takes  place  in  the  region  of  the  dispersion  law  being  linear  for  small  (compared  with  the  intralayer 
exchange)  transferred  energies.  The  greater  intensity  of  inelastic  magnetic  scattering  as  compared 
with  the  elastic  one  was  observed  in  some  experiments.*’^  The  selection  laws  defining  Bragg  peaks 
around  which  the  inelastic  scattering  is  exchange  amplified  have  been  obtained.  The  peculiarities  of 
the  inelastic  neutron  scattering  in  Nd2Cu04  for  the  different  magnetic  structures — collinear  and 
noncollinear — are  considered. 


•N.  Pyka,  L.  Pintschovius,  and  A.  Yu.  Rumiantsev,  Z,  Phys.  B-Condensed 
Matter  82,  177  (1991). 

^P.  Bourges,  L.  Boudarcne,  D.  Petitgrand,  and  P.  Galez,  Physica  B  180  & 
181,  447  (1992). 
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The  sign  reversal  of  the  acoustoelectric  effect  in  anisotropic 
superconductors’  (abstract) 

A.  V.  Goltsev 

Ioffe  Physical-Technical  Institute,  St.  Petersburg  194021,  Russia 

Experimental  and  theoretical  investigations  of  high-temperature  superconductors  have  revealed  that 
the  Fermi  surface  contains  both  electron-  and  hole-like  parts,  and  the  superconducting  gap  has  large 
anisotropy  in  the  a-b  plane.*  In  the  present  paper  we  show  that  these  two  findings  are  sufficient  to 
produce  the  sign  reversal  of  the  acoustoelectric  effect  observed  in  films  of  YBaiCu307_5  in 
transition  from  the  nprmal  to  superconducting  state.^  For  the  purpose  of  studying  the  effect  we 
derive  a  diagram  method  and  calculate  the  acoustoelectric  current  produced  by  an  acoustic  wave  in 
the  normal  state  of  an  anisotropic  metal.  Then,  we  find  that  superconducting  fluctuations  decrease 
the  current.  Finally,  we  investigate  the  acoustoelectric  effect  in  the  mixed  superconducting  state.  In 
this  state  the  normal  acoustoelectric  current  arises  due  to  the  quasiparticle  excitation  drift  produced 
by  the  acoustic  wave.  It  is  compensated  by  the  superconducting  current  which  forces  vortices  to 
move.  It  is  the  motion  that  produces  the  acoustoelectric  voltage  in  the  superconducting  state.  We 
conclude  that  if  the  superconducting  gap  takes  different  values  on  the  electron-  and  hole-like  parts 
of  the  Fermi  surface,  then  the  acoustoelectric  voltage  can  sharply  change  the  sign  near  the 
superconducting  transition.  This  effect  is  caused  by  the  change  of  relative  concentrations  of  the 
electron-  and  hole-like  excitations. 


'Z.-X.  Shen  et  al,  Phys.  Rev.  Lett.  70,  1553  (1993). 

^Yu.  V.  Ilisavskii  et  al.,  Pis’ma  Zh.  Eksp.  Teor.  Fiz.  52,  1138  (1990). 
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Four-spin  exchange  'n  Bi2Gu04  (abstract) 

G.  Petrakbvskii,  V.  Val’kov,  K.  Sablina,  and  B.  Fedoseev 

Institute  of  Physics,  SB  RAS,  Krasnoyarsk  660036,  Russia 

A.  Furrer,  B.  Roessli,  and  P.  Fischer 

Laboratory  for  Neutron  Scattering,  ETH  Zurich,  CH-5232  Villigen  PSI,  Switzerland 

Magnetic  properties  of  Bi2Cu04  single  crystals  are  of  interest  owing  to  their  relationship  to  the 
high-r,.  superconductor  ,  problem.  Earlier^’^  we  carried  out  the  magnetic  and  neutron  scattering 
investigations  on  high  quality  large  single  crystals.  The  Bi2Cu04  crystal  belongs  to  the  space  group 
P4/ncc  and  the  magnetic  group  is  the  collinear  plane  antiferromagnet  with  a  Neel  temperature  of 
45.8  K.  The  three-dimensional  character  of  the  antiferromagnetic  ordering  is  reflected  by  the  value 
of  the  critical  magnetization  exponent  0.352.  The  sublattice  magnetization  depends  very  little  on 
temperature  up  to  about  15  K.  The  spin-wave  spectrum  contains  two  branches  with  energy  gaps  of 
2.1  and  3.4  meV.  The  theoref'cal  interpretation  of  the  experimental  data  shows  the  necessity  of 
introducing  the  tensor  four-site  exchange  in  the  5=|  spin  Hamiltonian  with  the  tetragonal 
anisotropic  bilinear  exchange.  This  provides  the  gap  characteristics  of  the  acoustic  branch  of  spin 
waves  and  the  correct  temperature  dependence  of  the  sublattice  magnetization.  This  result  shows  the 
importance  of  the  four-site  exchange  for  the  formation  of  Bi2Cu04  magnetic  properties.  From  the 
similarity  of  magnetic  subsystems,  Bi2Cu04,  and  high-r^  superconductors  it  is  suggested  that  the 
four-site  exchange  is  responsible  for  magnetic  ordering  of  the  square  spin  5=;  lattice.  We  also 
suggest  a  thermodynamic  theory  of  the  temperature  dependence  of  magnetic  properties  of  Bi2Cu04. 


'G.  a.  Petrakovskii,  K.  A.  Sablina  et  at..  Solid  State  Commun,  79,  317 
(1991). 

^A.  Fuirer,  P.  Fischer  et  ah.  Solid  State  Commun.  82,  443  (1992). 
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Antiferromagnetic  spin  correiation  suppression  and  superconducting 
characteristics  improvement  in  YBa2Cu306+^  films  under  light  illumination 
(abstract) 

V.  Eremenko,  V.  Fomin,  I.  Kachur,  V.  Piryatinskaya,  and  0.  Prikhod’ko 

Institute  for  Low  Temperature  Physics  and  Engineering,  Academy  of  Sciences  of  Ukraine,  47  Lenin  Ave., 

310164,  Kharkov,  Ukraine 

Improvement  of  YBa2Cu306+afi^*®  superconducting  characteristics  that  are  dependent  on  the  charge 
carrier  concentration  is  possible  not  only  by  means  of  oxygen  doping,  but  also  by  light 
iUumination.*  New  results  may  be  presented  as  follows:  (i)  The  spectral  distribution  of  the  light 
absorption  coefficient  of  Y-Ba-Cu-0  films  strongly  depends  on  the  index  &  there  are  relatively 
narrow  bands  in  the  spectrum  at  small  S  and  their  intensity  falls  down  as  S  increases.  The  films  with 
(rO.5-0.75  are  metallized  under  light  illumination:  the  resistivity  at  T<Tc  decreases,  the  critical 
temperature  Tc  rises,  the  absorption  band  with  an  energy  of  E =2.2  eV  vanishes  gradually,  and  the 
two-magnon  band  in  the  Raman  spectrum  also  vanishes,  which  indicates  a  decrease  of  the 
antiferromagnetic  spin  correlation.^  The  above  changes  occur  only  if  the  photon  energy  is  higher 
than  that  of  the  optical  gap.  The  photoinduced  changes  are  long  lasting  aft  r<180  K.  (ii)  The  charge 
carrier  density  increase  is  not  the  only  effect  of  light  illumination.  We  have  observed  an  increase  in 
the  critical  current  density  (measurements  were  carried  out  in  the  pulse  regime)  of  YBa2Cu306  9 
films  after  continuous  red  light  illumination.  Such  photoinduced  changes  are  also  long  lasting  if 
T<  Tc  and  a  current  pulse  amplitude  do  not  exceed  J,.. 


'  V.  I.  Kudinov,  A.  1.  Kirilyuk  et  ai,  Phys.  Lett.  A  151,  358  (1990). 

^V.  V.  Eremenko,  V.  P.  Gnezdilov  et  al,  Physica  C  185-189,  961  (1991). 


ac  susceptibility  of  PbxBi2>xS^2Ca2Cu30io  high  Tg  superconductors 
sintered  for  different  durations  (abstract) 

S.  C.  Mathur,  D.  C.  Dube,  Urvija  Sinha,  and  P.  K.  N.  Raghavan 

Indian  Institute  of  Technology,  Hauz  Khas,  New  Delhi  110016,  India 

ac  magnetic  susceptibility  measurements  is  one  of  the  processes  by  which  the  superconducting 
properties  of  mixed  oxide  superconductors  can  be  characterized.  The  study  of  the  superconductors 
at  an  externally  applied  magnetic  field  predicts  the  existence  of  two  superconducting  transitions  due 
to:  (i)  the  one  reflecting  the  intragrain  properties  and  (ii)  the  other  describing  intergrain  interactions 
which  might  be  assumed  as  due  to  Josephson  tunneling.  In  this  abstract,  we  report  our  work  on  the 
ac  susceptibility  measurements  in  Pb^Bi2-;,Sr2Ca2Cu30io  superconductors  to  study  the  real  part  of 
x'  as  a  function  of  temperature,  Pb  concentration,  and  sintering  time.  The  results  have  been 
compared  with  the  x-ray  diffraction  (XRD)  results.  The  material  preparation  and  the 
characterization  techniques  used  would  be  discussed.  The  XRD  and  the  susceptibility  measurements 
indicate  that  too  high  Pb  concentrations  and  too  low  sintering  time  does  not  seem  to  improve  the 
high  Tc  phase.  Tlie  weak  link  coupling  phase  determined  from  the  x'-T  dependence  is  strongly 
dependent  on  both  the  Pb  concentration  and  the  sintering  time.  The  transition  temperature  for  the 
low  Tc  phase  decreases  with  sintering  time  and  increases  with  the  increasing  Pb  concentration.  The 
results  would  be  discussed  in  the  light  of  the  best  superconducting  properties  achieved  by  variation 
of  the  material  preparation. 
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Spin  magnetic  moment  of  conduction  quasiparticie  (abstract) 

Vladimir  L  Safonov 

Institute  of  Molecular  Physics,  RSC  “Kurchatov  Institute, "  123182  Moscow,  Russia 

A  new  approach  for  the  description  of  charged  quasiparticles  (conduction  electrons  and  holes)  with 
the  spin  of  1/2  in  crystals  is  proposed.*  The  crystalline-field  anisotropy  is  considered  as  a  space-time 
geometry  which  is  introduced  by  means  of  the  metric  tensor  into  the  dirac  equation.  In  the 
framework  of  this  approach  both  the  kinetic  energy  and  the  Zeeman  energy  depend  on  the  tensor  of 
effective  masses  m* = Gjing,  where  Gj  is  the  diagonal  metric  tensor.  Components  of  the  g  factor  are 
gj=2molm*j,  m*j  being  the  cyclotron  mass.  This  relation  is  in  good  agreement  with  the 
experiment  for  three-dimensional  (3D)  anisotropic  metals  such  as  Bi.  For  2D  motion  we  have  only 
one  nonzero  spin  magnetic  component,  perpendicular  to  the  plane.  This  fact  can  be  used  for  an 
explanation  of  two  dimensional  spin  confinement  observed  experimentally  in  strained  quantum 
wells.  For  ID  motion  the  spin  of  the  quasiparticie  falls  out  of  the  Hamiltonian.  The  fact  that  the  spin 
is  a  hidden  coordinate  in  this  case  can  originate  in  para-Fermi  statistics  in  which  the  maximal 
number  of  quasiparticles  at  the  same  energy  level  is  equal  to  two  (quasiparticles  with  up  and  down 
spins  are  identical).  According  to  the  theory^  of  superconductivity,  the  system  of  quasiparticles  with 
para-Fermi  statistics  has  much  greater  critical  temperature  than  the  system  with  Fermi  statistics. 


'V.  L.  Safonov,  Phys.  Status  Solidi  B  176,  K55  (1993). 
^V.  L.  Safonov,  Phys.  Status  Solidi  B  174,  223  (1992). 


Restoration  of  the  continuous  phase  transition  in  the  vortex  state 
due  to  the  iattice  transiationai  symmetry:  Large-A(  iimit  (abstract) 

Boris  N.  Shalaev  and  Sergey  A.  Ktitorov 

A.  F.  Ioffe  Physical  &  Technical  Institute,  Russian  Academy  of  Sciences,  St.  Petersburg  194021,  Russia 

The  critical  behavior  of  type  II  superconductors  (SC)  near  the  upper  critical  magnetic  field  is 
studied.  The  order  parameter  fluctuations  in  type  II  SC  near  the  upper  critical  magnetic  field  were 
shown  to  destroy  the  off-diagonal  long-range  order  (ODLRO)  in  </<4  dimensions.’  In  the  report 
this  result  is  proved  to  be  valid  in  the  1/^  expansion.  Thus,  there  is  a  serious  controversy  between 
the  experimentally  observed  phase  coherence  in  SC  and  theoretical  results  forbidding  a  spontaneous 
breakdown  of  the  i/(l)  symmetry.  Lattice  effects  breaking  the  continuous  translational  magnetic 
symmetry  and  suppressing  the  dimensional  reduction  effect^  are  shown  to  be  responsible  for  the 
existence  of  the  ODLRO.  The  lattice  Hamiltonian  of  the  uniformly  frustrated  0{2N)  symmetric 
nonlinear  sigma  model^  is  used  to  obtain  the  effective  Ginzburg-Landau  action  which  is  analyzed 
in  the  large  N  limit.  It  is  shown  that  the  continuous  phase  transition  does  indeed  occur  with  critical 
exponents  being  universal  and  identical  to  those  of  a  superconductor  with  H=0. 


‘M.  A.  Moore,  Phys.  Rev.  B  45,  7336  (1992). 

^S.  A.  Ktitorov,  Yu.  V.  Petrov,  B.  N.  Shalaev,  and  V.  S.  Sherstinov,  Int.  J. 
Mod.  Phys.  B  6,  1209  (1992). 

^M.  Y.  Choi  and  S.  Doniach,  Phys.  Rev.  B  31,  4516  (1985), 
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Damping  of  spin  waves  in  a  square-lattice  quantum  antiferromagnet 
due  to  spin-phonon  interaction  (abstract) 

Dirk  Uwe  Saenger 

Institut  filer  Theoretische  Physik,  Universitaet  des  Saarlandes,  D-66041  Saarbruecken,  Germany 

The  damping  of  spin  waves  due  to  spin-phonon  interaction  in  a  spin-l/2-Heisenberg  antiferromagnet 
on  a  square  lattice  is  calculated.  The  theory  applies  to  the  regimes  where  the  sound  velocities  are 
small  compared  with  magnon  velocities  v„,  which  is  the  cas6  in  antiferromagnetic  high-T,. 
superconductor  basis  materials  like  YaBa2Cu305,  and  >1,  where  k  and  ^  are  wave  vector  and 
correlation  length,  respectively.  It  is  concluded  that  the  broad  spectral  feature  of  the  two-magnon 
line  observed  in  layered  perovskites  can  be  explained  qualitatively  as  a  consequence  of  spin-phonon 
interaction. 


The  superconducting  transition  temperature  of  layered  S/  -Jij-Sj 
superconductors  (abstract) 

Valery  A.  Cherenkov 

The  Research  and  Development  Center  of  Surface  and  Vacuum  (RDCSV),  The  Theoretical  Physical 
Laboratory,  Andreevskay  Nab.  2,  117334  Moscow,  Russia 

The  S,-J,j-Sj  multilayered  superconductor  structures  conttiining  different  superconductors  (S,j) 
with  an  isolated  layer  are  investigated.  There  is  a  theoretical  model  of  a  tunneling  Hamiltonian  for 
the  defect  Josephson  lattice.  There  are  the  Ising  magnetic  and  resonance  valence  band  models 
between  the  layers.  The  “saturation”  of  TdN)  is  determined.  The  analogy  has  been  present  for 
TciN)  in  the  representation  of  a  plane  (high-Tj)  structure  and  the  Kosterlitz-Thouless  transition. 


This  research  was  supported  by  the  American  Physical  Society. 

'V.  A.  Cherenkov,  J.  Superconductivity  4,  259  (1991). 

^V.  A.  Cherenkov,  J.  Superconductivity  4,  429  (1991). 


6746  J.  Appi.  Phys.  75  (10),  15  May  1994 


0021  -8979/94/75(1 0)/6746/1 /$6.00 


©  1994  American  Institute  of  Physics 


Magnetism  and  superconductivity  in  heavy-fermion  compounds  (abstract) 

A.  V.  Goltsev 

foffe  Physical-Technical  Institute,  St.  Petersburg  194021,  Russia 

The  mean-field  theory  based  on  an  extended  high  degeneracy  model  is  derived  to  describe  an 
interplay  between  the  Kondo  effect,  magnetism,  and  superconductivity  in  heavy-fermion 
compounds.  The  competition  and  coexistence  of  the  Kondo  effect  and  ferro-  or  antiferromagnetic 
orders  of  localized  moments  are  considered  depending  on  the  local  exchange  interaction.  It  is  shown 
that  an  antiferromagnetic  order  arising  in  the  coherent  Kondo  state  can  have  an  anomalously  small 
antiferromagnetic  moment  per  /  atom  (~0.01/i5)  and  stimulate  superconductivity  with  an 
anisotropic  superconducting  gap  that  vanishes  along  lines  on  the  Fermi  surface.  We  apply  the  theory 
for  studying  thermodynamic  peculiarities  of  the  antiferromagnetic  and  superconducting  transitions, 
and  the  microscopic  structure  of  the  antiferromagnetic  and  superconducting  states  in  URu2Si2  and 
UPt3.  The  theoretical  estimation  (O.OSS/tjj)  of  the  antiferromagnetic  moments  of  U  atoms  in 
URu2Si2  is  in  good  agreement  with  the  experimental  result  (0.04yiiB).  We  also  study  the  microscopic 
origin  of  the  double  superconducting  transition  in  UPt3.  The  superconducting  gap  in  the  successive 
superconducting  states  is  strongly  anisotropic.  In  the  former  state  the  gap  vanishes  on  part  of  the 
Fermi  surface,  while  in  the  following  state  the  gap  vanishes  on  lines  only. 
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Magneto-optic 

and  Other  Magnetic  Properties 
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Magnetic  properties  of  an  isolated  ferromagnetic  bond  embedded 
in  Heisenberg  antiferromagnets 

S.  T.  Ting,  S.  Haas,  and  J.  E.  Crow 

Department  of  Physics,  Center  for  Material  Research  and  Technology,  and  National  High  Magnetic  Field 
Laboratory,  Florida  State  University,  Tallahassee,  Florida  32306 

The  magnetic  properties  of  an  isolated  ferromagnetic  bond  of  coupling  constant  K  embedded  in  a 
layered  spin-1/2  Heisenberg  antifenomagnet  with  interplane  coupling  strength  =  a/||  (O^a^l.O) 
have  been  studied  using  linear-spin-wave  (LSW)  theory.  In  the  pure  lattice,  the  sublattice 
magnetization  (Sf)  is  0.304  at  a-0  and  saturates  to  0.422  at  a=1.0.  The  spin  correlations 
decrease  with  increasing  a  within  the  plane  and  increase  along  the  interplane  direction.  The 
introduction  of  an  isolated  ferromagnetic  bond  into  the  host  lattice  tends  to  enhance  (5;)  at  lattice 
sites  joining  the  bond  as  K  approaches  zero.  Increasing  K  will  drastically  suppress  (5fSy )  across  the 
bond.  Whereas,  {Sj'Sy)  is  enhanced  between  the  neighboring  sites  close  to  the  impurity  link 
resulting  in  the  suppression  of  {5f).  This  behavior  persists  for  all  a  values.  The  LSW  theory  breaks 
down  at  a  certain  K  value.  Increasing  a,  the  critical  value  of  K  extends  to  a  larger  number. 


The  striking  magnetic  properties  of  high  temperature  su¬ 
perconductors  have  led  to  extensive  efforts  in  the  investiga¬ 
tion  of  the  spin- 1/2  Heisenberg  antifenomagnets.’  The 
La2Cu04  compound,  which  undergoes  antiferromagnetic  or¬ 
dering  at  r;v^320  K,  presents  quasi-two-dimension  (quasi- 
2D)  antiferromagnetic  structure  with  a  large  in-plane  ex¬ 
change  constant  Jn^lSOO  K  and  a  very  weak  interplane 
coupling  between  Cu-0  planes.  This  small  coupling 
plays  an  important  role  in  stabilizing  the  three-dimensional 
(3D)  antiferromagnetic  ordering  below  Tf,  and  also  gives  rise 
to  interesting  metamagnetic  behavior  associated  with  the 
small  rotation  of  CuOg  octahedra  in  the  orthorhombic 
phase.*’^ 

The  substitution  of  Li'  with  Sr,  infroducing  extra  holes 
into  the  Cu-0  planes,  drastically  suppresses  the  long-range 
3D  antiferromagnetic  ordering.  Doping  only  2%  Sr  into  La 
site  will  completely  destroy  the  Neel  state.  This  interesting 
magnetic  behavior  leads  to  extensive  study  of  a  localized 
impurity  and/or  vacancy  in  a  spin-1/2  2D  Heisenberg 
antiferromagnet.^"’  These  studies  exclusively  concentrate  on 
the  2D  magnetic  behavior,  neglecting  the  small  interplane 
coupling.  As  mentioned  earlier,  the  weak  interplane  correla¬ 
tions  between  Cu-0  planes  becomes  an  important  factor  in 
the  magnetic  behavior  below  Tjy.  It  is  interesting  to  investi¬ 
gate  the  magnetic  behavior  of  impure  layered  2D  Heisenberg 
antiferromagnets  with  varying  interplane  coupling  constants 
since  the  crossover  effects  from  2D  to  3D  can  be  observed. 
In  addition,  the  layered  magnets  themselves  present  quite 
interesting  magnetic  properties.®  Therefore,  in  this  paper  we 
extend  a  previous  calculation®  on  an  isolated  bond  embedded 
in  the  spin- 1/2  2D  Heisenberg  antiferromagnet  by  including 
the  interplane  coupling. 

We  consider  a  simple  cubic  Heisenberg  antiferromag¬ 
netic  lattice  with  in-plane  nearest-neighbor  antiferromagnetic 
coupling7|  and  interplane  coupling  =  (0=Sa^l.0).  An 

isolated  ferromagnetic  bond  is  introduced  and  replaces  one 


inplane  antiferromagnetic  link  joining  the  sites  0  and  1.  The 
Hamiltonian  is  given  as 


H=j  E  +  Y  1  So-Si, 

2  (,7>  2  2 


(1) 


where  the  first  summation  is  over  the  four  nearest  neighbors 
within  the  plane  and  the  second  summation  involves  the  two 
nearest  interplane  interactions.  Following  standard  spin- 
wave  theory,®  the  above  Hamiltonian  can  be  expressed  as  the 
product  of  bilinear  bosonic  operators  using  the  Holstein- 
Primakoff  transformation.  The  final  Hamiltonian  then  can  be 
analyzed  using  the  Green’s  function  method.'®  The  Fourier 
transformation  of  the  double-time  one-particle  Green’s  func¬ 
tion  in  matrix  form  is  given  as 

I  ««*■  ;«*'»  <(«* 

..  ...  .  (2) 

where  £=w  +  ie  with  e-+0^.  The  exact  form  of  Gi^  i^'{E) 
can  be  obtained  from  the  equation  of  motion.®’® 

The  sublattice  magnetization  (Sf)  and  the  spin  correla¬ 
tion  depend  on  the  positions  of  the  lattice  sites  relative  to  the 
impurity  bond  and  the  imaginary  part  of  the  Green’s  function 


1  1  r®®  dtii 

(5f>  =  2+iv  V  (3) 

1  dff) 


(4) 


where  R,  or  Rj  represent  the  respective  positions  of  spins. 
The  sevenfold  integration  (two  3D  k  sums  and  one  (o  inte¬ 
gration)  of  Eqs.  (3)  and  (4)  can  be  decoupled  to  an  only 
twofold  integration  as  follows: 
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1  1  fl  +  a/2-e  y-(l  +  (x/2)  fa>  (ft' 

■'>— FW— I‘"“<^WT"(2 

1  fl+a/2~e  fa> 

(Sfspo=  -—  dy  F(y)J^  dt  cos[F(3')r]A(f), 


Joh, 


«=■ 


1+iC  p+«/2-.  2F(>-)5();)M(3;)-{[«(3')f-[5(y)]2}Ar(>.) 

■  47r  Jo  ^  F(y){[A/(y)]"+[Ar(y)]"}  ’ 

1+^  p+a/2-*,  [5(>>)P(y)+F(>-)j2()-)]M(>>)-[F(>>)P(y)-5(y)j2(>-)F(y) 
877  Jo  i='(y){[M(>-)]^+[JV(>.)]2} 


where  (S;)®  is  the  sublattice  magnetization,  (Sf5y)°  is  the 
spin  correlation  in  the  pure  lattice,  and  J„(t)  is  the  Bessel 
function  of  the  first  kind.  The  functions  A(r),  M(y),  N(y), 
P{y),  Qiy),  F{y),  R{y),  and  5(y)  are  given  as 

'"<*>4  (Wjir^Tl-T  4jWiWt) 


/  \  at 


^'  2  MT  -'^'UWiWT  • 


(1  +  k)  f" 

M{y)==l+j^  Jo  sin[F(>-)r]  A(r)-(l  +  a/2) 

(l+k)  r« 

f^(y)  =  2Fi^  Jo  cos[F(yW  ^(^)-(l  +  «/2) 

P(y)  =  [  dt  sin[F(y)t]  A(r)-[> +(l  +  a/2)] 

Jo 


Q(y)  =  f  dtccs[F(y)t]  A{r)-[y  +  (l  +  a/2)] 
Jo 


F(y)  =  [(l  +  a/2)2-/]>/2,  R(y)  =  P(-y),  and  S(y) 
-Q(~y)-  Notice  that  Eqs.  (7)  and  (8)  only  present  the 
variation  of  (Sf)  and  (S^Sj)  at  the  lattice  sites  joining  the 
impurity  link.  One  can  easily  extend  them  to  arbitrary  lattice 
sites. 

(5f)®  and  (5*5^)®  for  the  pure  lattice  can  be  obtained 
from  ^s.  (5)  and  (6).  ^t  a=0.0  (2D  lattice),  (5^)“  is  0.3034 
and  saturates  to  0.422  at  a=1.0  (3D  lattice).  (SfSj)^  de¬ 
creases  in  magnitude  from  0.1378  at  a=0.0  to  0.0635  at 
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a=1.0.  These  results  are  consistent  with  previous  numerical 
calculations.”’*^  Since  the  spin  correlations  between  nearest 
neighbors  depend  on  the  positions  of  spins,  we  also  calculate 
(SfSy)“  along  the  interplane  direction,  which  increases  in 
magnitude  from  0  at  q;=0.0  to  0.0635  at  q;=1.0.  This  result 
provides  evidence  that  the  interplane  coupling  stabilizes  3D 
antiferromagnetic  ordering  at  low  temperatures. 

The  introduction  of  a  ferromagnetic  bond  into  the  host 
lattice  will  affect  the  sublattice  magnetization  and  spin  cor¬ 
relations  surrounding  the  impurity.  When  K=0,  the  system 
corresponds  to  a  missing  link  embedded  in  the  host  lattice.  In 
this  case,  (5-)  is  enhanced  at  the  sites  joining  the  impurity 
bond.  This  behavior  persists  for  all  a  values  as  shown  in  Fig. 
1.  The  enhancement  of  (Sf)  becomes  less  evident  for  larger 
a  values,  e.g.,  0.3034~»0.312  at  a=0.0  and  0.422-+0.4238 
at  a=1.0.  These  results  indicate  that  the  absence  of  spin 
fluctuations  is  more  dominant  than  the  missing  longitudinal 
term,  especially  for  lattices  with  small  interplane  coupling 
strength.  By  increasing  K,  (Sj)  is  monotonically  suppressed 
at  the  sites  joining  or  close  to  the  ferromagnetic  bond  as 
illustrated  in  Fig.  2  which  shows  the  sublattice  magnetization 
as  a  function  of  K/Jjj  at  the  sites  adjacent  to  the  impurity 
link.  The  spin  correlations  are  enhanced  for  almost  all  the 
lattice  sites  surrounding  the  ferromagnetic  link  except  for 
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FIG.  1.  The  sublattice  magnetization  (Sg)  at  lattice  site  0  joining  the  miss¬ 
ing  link  as  a  function  of  a  (dashed  line),  compared  with  that  of  the  pure  host 
(solid  line). 
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FIG.  2.  The  sublattice  magnetization  {Sq)  at  lattice  site  0  adjacent  to  the 
impurity  link  vs  K/Jf  at  different  a  values.  The  LSW  approximation  breaks 
down  above  certain  K  values. 


those  connecting  the  impurity  bond.  These  results  are  illus¬ 
trated  in  Fig.  3(a)  and  3(b).  In  Fig.  3(a),  we  present 
vs  across  the  impurity  bond.  As  expected,  (So^*)  is 
strongly  suppressed.  Figure  3(b)  shows  (5o5f)  as  a  function 


K/J| 

FIG.  3.  The  spin  correlationc  (SJSj)  vs  K/J^  at  different  «  values;  (a)  for 
spins  across  the  impurity  link  [i.e.,  (100)  direction],  (b)  for  spins  along  the 
interplane  direction  ((001)). 


of  iC/J||  along  the  interplane  direction  (001)  which  indicates 
that  (5^i)  increases  in  magnitude  with  increasing  K. 

It  is  evident  that  the  LSW  approximation  breaks  down  at 
a  certain  value  of  K,  even  at  maximum  .  The  breakdown 
value  extends  to  larger  value  as  a  is  increased.  As  mentioned 
earlier,  interplane  interactions  tend  to  strengthen  the  3D  an¬ 
tiferromagnetic  ordering.  To  frustrate  the  spin  correlations 
adjacent  to  the  ferromagnetic  bond,  a  stronger  perturbation, 
i.e.,  a  larger  K  value  is  necessary  to  overcome  the  exchange¬ 
coupling  energy  between  the  planes.  The  denominator  of  Eq. 
(7)  or  (8)  represents  the  spin  wave  mode  arising  from  the 
ferromagnetic  link.  This  corresponds  to  a  localized  mode.  As 
K  approaches  its  critical  value,  a  large  number  of  spin  waves 
is  generated  because  of  the  strong  local  perturbation.  In  this 
case,  one  must  consider  higher  order  bosonic  operators 
which  describe  the  interactions  between  magnons,  e.g.,  the 
spin  operator  Sf  for  sublattice  a  is  given  as 


1 

2N 


s 


J(k-k'-k")x..  +  „  „ 


(14) 

The  complete  details  will  be  presented  in  a  future  publica¬ 
tion. 
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spin  diffusion  in  ciassicai  Heisenberg  magnets  with  uniform,  aiternating,  | 

and  random  exchange  | 

Niraj  Srivastava  Jjan-Min  Liu,  V.  S.  Viswanath,  and  Gerhard  Muller  I 

Department  of  Physics,  The  University  of  Rhode  Island,  Kingston,  Rhode  Island  02881-0817 

We  have  carried  out  an  extensive  simulation  study  for  the  spin  autocorrelation  function  at  !=<»  of  | 

the  one-dimensional  classical  Heisenberg  model  with  four  different  types  of  isotropic  bilinear  I 

nearest-neighbor  coupling:  uniform  exchange,  alternating  exchange,  and  two  kinds  of  random  ' 

exchange.  For  the  long-time  tails  of  all  but  one  case,  the  simulation  data  seem  incompatible  with  the 
simple  leading  term  predicted  by  spin  diffiision  phenomenology. 

I 


f 

j  'fhe  anomalous  character  of  spin  diffusion  in  the  one- 

'  dimensional  (ID)  classical  Heisenberg  model, 

;  (1) 

I 

with  uniform  exchange,  7, •_,+]  =J,  was  first  proposed  in  1988 
on  the  basis  of  a  simulation  study.’  The  proposition  was  that 
the  spin  autocorrelation  function  at  7=  “  exhibits  a  distinc¬ 
tive  power-law  long-time  tail, 

Co(t)^(S,.(0'S,)~t~‘',  (2) 

with  a  characteristic  exponent  a  that  exceeds  the  value 
arsD=l/2  predicted  by  spin  diffusion  phenomenology  consid¬ 
erably. 

That  conclusion  was  challenged  by  Gerling  and  Landau^ 
soon  after  it  had  appeared  in  print.  However,  the  consensus 
emerged  that  the  slope  a  inferred  from  the  simulation  data 
(in  a  log-log  representation)  has  a  value  a=0.60  at  Jt— 25 
,  and  a  decrea;  trend  for  longer  Jt,  and  that  the  true  asymp¬ 

totic  behavioi  remained  out  of  the  reach  of  simulation  data 
available  at  the  time.^’^ 

It  was  nevertheless  another  simulation  study  that  yielded 
new  insights  into  the  anomalous  transport  mechanism  of  spin 
fiuctuations  in  tht  classical  Heisenberg  chain.  Having  been 
alerted  by  .tis  puzzling  results  for  the  spin  autocorrelation 
function,  Bonfim  and  Reiter'*  focused  their  own  investigation 
on  the  ^-dependent  spin  correlation  functions  and  the  asso¬ 
ciated  current  correlation  function.  One  of  their  conclusions 
was  that  the  asymptotic  behavior  of  the  spin  autocorrelation 
function  is  of  the  form 

Co<t}-  [Jt  ln(nr)]”“  (5) 

with  a- 0.472.  The  implication  is  that  the  slope  of  C(,i  t)  in  a 
log-log  plot  can  be  described  by  an  effective  exponent, 

o'=a[l  +  l/ln(0/)].  (4) 

Bdhm,  Gerling,  and  Leschke^  were  quick  to  point  out 
that  the  asymptotic  form  f  the  (j-dependent  correlation  func¬ 
tion  used  in  Ref.  4  is  in  contradiction  to  the  non-negativity  of 
(S,(r)-S,+„),  foi  which  strong  numerical  evidence  exists. 
They  proposed  an  alternative  asymptotic  expression,  wliich 
also  implies  an  effective  exponent  (4),  but  with  asymptotic 
value  «=0.5. 


**Pr.»ent  address:  Thinking  Mac!  -.les  Corporation,  Cambridge,  MA  02142- 
1264. 


Since  neither  of  the  two  conclusions  was  primarily  based 
on  the  analysis  of  spin  autocorrelation  functions,  we  wish  to 
use  our  own  new  simulation  data  for  Co(r)  as  a  discriminant 
between  expressions  (4)  with  a=0.472  and  a=0.5,  respec¬ 
tively.  We  have  carried  out  the  simulation  for  a  system  of 
1024  spins  with  periodic  boundary  conditions.  We  have  em¬ 
ployed  CM-5  machines  with  various  numbers  of  processors 
programmed  in  Connection  Machine  fortran  for  up  to 
4096  parallel  time  integrations.  For  the  integration  over  the 
time  interval  0=sjr^l02.2,  we  have  used  a  fourth-order 
Runge-Kutta  method  with  fixed  time  step  Jdt=0.Q05.  In 
this  massively  data-parallel  programming  mode  we  can  reach 
previously  unattained  statistics  with  no  undue  effort. 

For  the  intended  analysis,  we  have  determined  the  aver¬ 
age  slope  a  of  the  simulation  data  in  a  log-log  representa¬ 
tion  over  a  time  interval  of  length  7tav  as  follows:  each  data  ' 

point  of  a{t)  is  calculated  by  linear  regression  from 
consecutive  data  points  [ln/t,ln  Co(0]  spaced  at  JAr=0.2 
and  assigned  the  Jt  value  at  the  midpoint  of  the  interval  of  j 

length  Jt^„=N„,ff£it.  Figure  1  shows  the  slope  function  a  , 

plotted  versus  1/Jt  for  three  different  sizes  of  Jt^y.^  This 
representation  enhances  the  visibility  of  the  subtle  features  in 
the  long-time  tail,  but  it  also  magnifies  the  statistical  fluctua¬ 
tions.  The  latter  are  kept  under  control  by  adjusting  Jt^y  ? 

In  order  to  facilitate  a  direct  comparison  of  our  simula¬ 
tion  results  with  the  proposed  functional  form  (4)  for  the 
effective  exponent  a{t),  we  have  subjected  the  asymptotic 
expression  ~[7/ ln(fi/)]”‘'  to  the  same  exponent  analysis 
as  the  data.  The  resulting  slope  function  a(0  still  depends  on 
the  parameters  a  and  fi.  There  is  no  compelling  reason  for 
setting  H  equal  to  J  in  the  logarithmic  correction  as  was  done 
in  Refs.  4  and  5.  Minimizing  the  relative  rms  deviation  be¬ 
tween  the  two  slope  functions  a(t),  namely  the  one  repre-  ^ 

senting  the  simulation  dat:\  and  the  one  representing  the  av¬ 
eraged  exponent  a(t)  over  »he  interval  5+Jt,,y/2=5Jt  ! 

■^\02.2-JtJ2,  yields  parameter  values  in  the  range  ' 

a=0.478±0.001,  0/7=2. 30±0. 02  for  the  three  values  of 
averaging  intervals  Jt^y  used.  The  solid  lines  represent  a  vs 
l/7t  for  the  optimal  parameter  values.  The  agreement  with 
the  simulation  data  is  quite  satisfactory.  If  we  perform  the  fit 
for  fixed  a=0.5,  we  obtain  the  optimal  value  0/7  =  9.70 
±0.05  for  the  other  parameter,  and  the  result,  represented 
by  the  dashed  lines,  is  in  clear  disagreement  with  the  simu¬ 
lation  data. 

We  have  repeated  the  analysis  with  more  of  the  (evi¬ 
dently  nonasymptotic)  data  at  small  times  omitted  (up  to 
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FIG.  1.  Slope  function  a(t)  for  the  ID  classical  Heisenberg  model  (1)  with 
uniform  exchange,  as  determined  from  the  slope  of  Co(t)  in  a 

log-log  plot.  The  data  for  Co(t)  represent  an  average  over  404  484  ran¬ 
domly  chosen  initial  conditions  and  over  the  1024  sites  of  the  lattice.  Each 
data  point  a  is  determined  by  linear  regression  from  N„  consecutive  data 
points  [lnyr,lnCo(t)]  spaced  atiAr=0.2  and  plotted  vs  \/Jt  at  the  mid¬ 
point  of  the  interval  of  length  The  simulation  data  are  repre¬ 

sented  by  the  circles.  The  asymptotic  form  (3)  subjected  to  the  same  proce¬ 
dure  yields  the  dashed  lines  for  a=0.5  and  the  solid  lines  for  a=0.478.  The 
three  plots  correspond  to  different  sizes  of  averaging  time  interval;  (a) 
Jr„=30,  (b)  y/„=20.  (c)  Jt„=10. 

15+J/,v)  and  found  a  decreasing  trend  of  the  optimal  expo¬ 
nent  value  (now  in  the  range  a=0.472±0.002,  in  even  better 
agreement  with  the  value  proposed  in  Ref.  4).  Nevertheless, 
the  problems  attached  to  this  scenario,  as  pointed  out  in  Ref. 
S,  cannot  be  dismissed  and  suggest  that  the  true  asymptotic 
behavior  is  even  more  subtle. 

How  typical  is  the  occunence  of  anomalous  long-time 
tails  in  ID  classical  spin  systems  with  isotropic  exchange?  It 
had  already  been  noted^  that  the  anomaly  disappears  in  the 
presence  of  uniaxial  anisotropy.  The  question  is  what  hap¬ 
pens  if  we  modify  the  spin  coupling  without  alten''g  the 
rotational  symmetry  in  spin  space,  for  example,  by  reducing 
or  removing  the  translational  symmetry  along  the  chain. 

In  order  to  investigate  that  question,  we  have  carried  out 
simulations  of  comparable  extent  on  three  further  variants  of 
the  classical  Heisenberg  model  (1).  In  addition  to  model  (i) 
with  uniform  exchange,  J, •  ,+!=/,  discussed  previously,  we 
consider  the  model  (ii)  with  alternating  exchange, 
uud  two  models  with  random  exchange: 
model  (iii)  has  Ji  ,+,  =  ±7  with  equal  probabilities  and 
model  (iv)  has  with  a  rectangular  probability 

distribudon.®  The  results  of  this  investigation  are  displayed 
in  Figs.  2-4  for  models  (ii)-(iv)  in  exactly  the  same  repre¬ 
sentation  as  those  of  model  (i)  exhibited  in  Fig.  1.  The  out¬ 
come  is  a  bit  surprising.  It  seems  that  long-time  tails  display 
no  less  individuality  than,  say,  p<’  j  .„ils.® 

Among  the  four  models  considered  here,  the  one  with 
alternating  exchange  alone  appears  to  exhibit  completely 
normal  spin  diffusive  behavior.  Its  slope  function  a,  dis¬ 
played  in  Fig.  2,  tends  to  extrapolate  on  a  fairly  direct  path 
toward  asp=0.5.  The  data  invite  no  suspicion  of  any 


FIG.  2.  Slope  function  a(0  for  the  ID  cla.ssical  Heisenberg  model  (1)  with 
alternating  exchange,  ,+ 1 = ( - 1  )'J,  produced  by  the  same  method  as  that 
of  Fig.  1.  The  number  of  integrations  with  randomly  chosen  initial  condi¬ 
tions  was  479  232  for  this  case. 

anomaly.  The  strong  wiggles  at  small  t  are  not  statistical 
fluctuations  but  originate  from  oscillations  in  Co(r),  which 
persist  to  longer  times  in  this  model  than  in  any  of  the  other 
three. 

The  slope  function  a  of  the  random-exchange  model  (iii) 
is  shown  in  Fig.  3.  Unlike  in  the  previous  two  cases,  it  has  an 
increasing  trend  for  increasing  t  up  to  a“0.53  at  the  tail  end 
of  the  data,  where  it  seems  to  level  off.  While  a  limiting 
value  of  asD=0.5  cannot  be  ruled  out,  the  data  do  not  show 
any  tendency  to  extrapolate  to  that  value. 

Changing  the  distribution  of  random  exchange  constants 
from  (iii)  to  (iv)  produces  a  quite  different  slope  function  as 
can  be  observed  in  Fig.  4.  It  starts  out  at  a  much  smaller 


FIG.  3.  Slope  function  a(i)  for  the  ID  classical  Heissnberg  model  (1)  with 
random  exchange,  J,  ,+ 1  =  '.s  J,  produced  by  the  same  method  as  that  of  Fig. 
1.  The  number  of  integrations  with  randomly  chosen  initial  conditions  was 
409  600  for  this  case.  For  each  initial  configuration,  the  exchange  constants 
were  randomly  chosen  as  well. 


6752  J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Srivastava  et  al. 


FIG.  4.  Slope  function  a(()  for  the  ID  classical  Heisenberg  model  (1)  with 
random  exchange,  |J,  produced  by  the  same  method  as  that  of 

Fig.  1.  The  number  of  integrations  with  randomly  chosen  initial  condition 
was  424  960  in  this  case.  For  each  initial  configuration,  the  exchange  con¬ 
stants  were  randomly  chosen  as  well. 


value  for  short  t  and  reaches  q;=0.4  at  the  tail  end  of  the 
data  (Jt=  102.2).  In  some  way  this  slope  function  looks  like 
the  minor  image  of  that  for  model  (i).  It  may  very  well 
extrapolate  to  asD=0.5  or  there  abouts  by  some  logarithmic 
law — a  modification  of  Eq.  (4).  But  any  such  law  would 
have  to  be  motivated  by  an  investigation  of  q-dependent  cor¬ 


relation  functions  as  was  done  by  Bonfim  and  Reiter"*  for 
model  (i).  For  the  random-exchange  model  (iii),  the  anomaly, 
if  it  indeed  exists,  is  much  weaker  than  in  models  (i)  and  (iv) 
and  will  therefore  be  much  harder  to  identify  and  analyze  in 
^-dependent  correlation  functions.  These  are  future  projects. 
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^The  price  to  be  paid  ii:  exchange  of  a  smooth  slope  function  is  a  system¬ 
atic  deviation  from  the  true  slope  at  a  given  value  of  Jt  for  all  functions 
except  pure  power  laws.  For  a  given  set  of  simulation  data,  if  one  in¬ 
creases  Jl„ ,  one  gains  smoothness  and  along  with  it  the  ability  to  ex¬ 
trapolate.  Conversely,  if  one  decreases  ,  the  systematic  deviations  go 
down,  but  the  statistical  fluctuations  grow  more  intense.  The  three  plots  in 
each  figure  are  intended  to  illustrate  that  the  systematic  deviations  are 
negligible  except  (in  some  cases)  for  short  times. 

*The  width  2v27  of  the/,,*,  distribution  has  been  chosen  to  match  the 
initial  curvature  of  Co(f)  with  those  of  the  other  three  models. 

"In  Ref.  1  (second  paper)  we  have  already  compared  three  of  the  four 
long-time  tails  directly  and  found  (ii)  and  (iii)  similar  but  distinct  from  (i). 
The  superior  statistics  of  our  new  data  reveals  subtle  but  significant  dif¬ 
ferences  between  (ii)  and  (iii)  as  well. 
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Theoretical  study  of  magnetostriction  in  FeTaN  thin  films 

James  C.  Cates  and  Chester  Alexander,  Jr. 

Center  for  Materials  for  Information  Technology  and  Department  of  Physics  and  Astronomy,  The  University 
of  Alabama,  Tuscaloosa,  Alabama  35487-0114 

Single  layer  films  of  FeTaN  have  been  deposited  by  dc  magnetron  sputtering,  and  the  relationships 
between  the  magnetostriction  and  film  composition  have  been  studied.  A  linear  increase  in 
magnetostriction  with  nitrogen  content  has  been  explained  by  the  dependence  of  X,ioo  on  nitrogen 
concentration.  The  form  of  this  dependence  has  been  derived  based  on  a  theory  developed  by  De 
Vries  for  describing  the  magnetic  after  effect  in  iron  films  with  interstitial  nitrogen.  At  room 
temperature,  the  best  fit  for  the  experimental  magnetostriction  data  was  found  for  an  interstitial 
interaction  constant  of  D  =4.18X  10®  J/m^.  The  total  magnetic  anisotropy  energy  per  grain,  U no,  has 
also  been  calculated  as  a  function  of  the  strain  for  FeN  films  with  a  (110)  orientation  under  a 
tetragonal  deformation.  This  calculation  used  the  results  derived  for  the  dependence  of  the 
magnetostriction  constant,  Xjqo,  on  nitrogen  concentration.  The  calculated  t/uo  value  shows  a 
minimum  at  a  lattice  strain  value  of  eii= 0.0029,  in  close  agreement  with  a  maximum  in 
permeability  at  A</ji(/<^i,o=0.0028  previously  reported  for  FeN  films. 


I.  INTRODUCTION 

Recent  results  at  The  University  of  Alabama  show  that 
FeTaN  films  deposited  by  high-growth  rate  dc  magnetron 
sputtering  have  suitable  soft  magne  oerties  for  use  in 
recording  heads.’’^  X-ray  diffractioii  rements  of  these 
films  show  a  structure  containing  only  the  a-Fe  phase  with  a 
(110)  orientation.  The  addition  of  tantalum  to  the  FeN  films 
has  been  shown  to  improve  the  incorporation  of  nitrogen  in 
the  films  during  sputtering  while  suppressing  the  formation 
of  iron-nitride  phases,  such  as  Fe4N. 

Wang  and  Kryder  have  examined  the  saturation  magne¬ 
tostriction  in  FeN  films  deposited  by  rf  sputtering.^  They 
attributed  the  increase  in  magnetostriction  found  with  in¬ 
creasing  nitrogen  flow  rates  during  deposition  to  the  exist¬ 
ence  of  higher  amounts  of  ■y-Fe4N  which  exhibits  a  positive 
magnetostriction.  Magnetostriction  in  FeN  films  deposited 
by  dc  magnetron  sputtering  has  been  reported  by  Russak 
et  al.  to  increase  linearly  with  the  nitrogen  flow  rate  during 
deposition.'*  Similar  results  have  been  found  by  Nago, 
Sakakima,  and  lhara  for  FeTaN  films  deposited  by  rf  sputter¬ 
ing  after  annealing  at  500  °C.® 

The  relationship  between  the  film  composition  and  mag¬ 
netostriction  in  FeN-based  films  has  been  difficult  to  model 
because  the  presence  of  additional  iron-nitride  phases  with 
various  orientations  greatly  complicates  any  interpretations 
of  magnetostriction  results.  One  important  reason  for  exam¬ 
ining  the  FeTaN  system  was  that  the  structure  was  relatively 
simple,  showing  only  the  a-Fe  phase  with  a  (110)  orienta¬ 
tion.  In  this  system  the  nitrogen  atoms  are  presumed  to  pri¬ 
marily  occupy  interstitial  sites  in  the  iron  lattice  causing  a 
deformation  of  the  lattice  from  body-centered  cubic  to  body- 
centered  tetragonal.  Increases  in  the  nitrogen  content  in  the 
film  corresponded  to  higher  occupation  of  the  interstitial 
sites.  The  effects  on  the  magnetostriction  constants  Xioq  and 
Xiii  of  this  nitrogen  in  the  interstitial  sites  have  been  mod¬ 
eled  based  on  a  theory  developed  by  De  Vries.®’’  The  result¬ 
ing  expressions  have  bee.i  used  to  predict  the  values  of  the 
saturation  magnetostriction  and  the  total  anisotropy  energy 
per  grain,  (/no.  for  comparison  with  experimental  results. 


II.  EXPERIMENTAL 

The  FeTaN  films,  approximately  4000  A  thick,  were  de¬ 
posited  on  Corning  7059  glass  by  dc  magnetron  reactive 
sputtering  in  a  Vac-Tec  model  250  batch  side  sputtering  sys¬ 
tem.  Background  pressure  during  deposition  was  4X10~’ 
Torr  with  the  sputtering  power  at  300  W.  The  argon  flow  rate 
was  set  at  60  standard  cubic  centimeters  per  minute  (seem) 
while  the  nitrogen  flow  rate  was  varied  from  0  to  25  seem. 
Targets  used  for  film  deposition  were  FeTa  sintered  targets 
with  a  tantalum  content  of  5.0  and  10.0  wt  %.  The  composi¬ 
tion  of  films  deposited  from  these  targets  was  measured  by 
x-ray  fluorescence  and  was  found  to  contain  1.8  and  3.2 
at.  %  tantalum,  respectively.  A  high-precision  ac  magneto¬ 
striction  tester,  based  on  the  design  by  Tam  and  Schroeder, 
was  used  for  magnetrostriction  measurements.® 

III.  RESULTS  AND  ANALYSIS 

A.  Nitrogen  dependence  of  X^oq  and  X^^^ 

The  saturation  magnetostriction  in  the  FeTaN  samples 
showed  a  strong  dependence  on  the  nitrogen  flow  rate  during 
the  film  deposition.  In  the  range  of  nitrogen  flow  rates  exam¬ 
ined  in  this  study,  the  flow  rate  was  roughly  proportional  to 
the  amount  of  nitrogen  present  in  the  FeTaN  films.  Figure  1 
shows  the  saturation  magnetostriction  as  a  function  of  the 
nitrogen  concentration  for  films  with  different  tantalum  con¬ 
tents.  The  magnetostriction  increased  almost  linearly  with 
increasing  nitrogen  concentration.  X-ray  measurements 
showed  little  change  in  film  structure  with  increasing  nitro¬ 
gen  content,  other  than  a  decrease  in  the  e.stimated  grain  size. 
The  fact  that  the  increase  in  magnetostriction  with  nitrogen 
concentration  in  these  FeTaN  samples  is  not  due  to  the  for¬ 
mation  of  new  phases  or  changes  in  orientation  of  «-Fe  as 
seen  in  other  FeN  systems  should  be  emphasized.®’®  That  is, 
in  the  FeTaN  samples  the  change  in  magnetostriction  with 
nitrogen  content  is  interpreted  as  being  mainly  due  to 
changes  in  the  magnetostriction  constants  caused  by  the  ad¬ 
dition  of  nitrogen  to  the  a-Fe  lattice. 


FIG.  1.  Experimental  values  of  magnetostriction  for  FeTaN  samples  for 
tantalum  contents  of  1.8  and  3.2  at.  %  vs  nitrogen  concentration.  The  theo¬ 
retical  line  is  calculated  from  Eqs.  (3)  and  (4),  using  a  value  of 
0=4.18X10*  J/m’. 


This  linear  increase  of  the  magnetostriction  with  nitro¬ 
gen  content  can  be  modeled  assuming  changes  in  the  mag¬ 
netostriction  constant  of  iron,  \ioo,  when  nitrogen  is  added  to 
interstitial  sites  in  the  a-Fe  lattice.  For  this  model  we  have 
extended  the  theory  developed  by  De  Vries  for  describing  the 
magnetic  after  effects  in  ircn  films  with  interstitial 
nitrogen.®’’  Our  extension  included  consideration  of  two  im¬ 


portant  points:  (1)  the  variation  of  the  magnetoelastic  con¬ 
stants  with  nitrogen  concentration,  and  (2)  the  relaxation 
time  of  the  distributed  nitrogen. 

The  theory  and  experiments  of  De  Vries  were  for  iron 
samples  with  very  low  (<0.04  wt  %)  amounts  of  nitrogen. 
For  these  low  concentrations  it  was  assumed  that  the  values 
of  the  magnetoelastic  coupling  parameters,  and  B2,  did 
not  depend  on  the  nitrogen  concentration.  The  FeTaN 
samples  of  the  cunent  research  had  a  nitrogen  concentration 
of  up  to  6  at.  %,  and  it  was  found  necessary  to  consider 
variations  of  the  magnetoelastic  coupling  constants,  Bi  and 
B2,  with  nitrogen  concentration  in  order  to  have  a  physically 
meaningful  theoretical  description. 

It  was  also  necessary  to  consider  the  relaxation  time  of 
the  interstitial  nitrogen  to  compare  the  current  magnetostric¬ 
tion  results  with  the  earlier  results  of  De  Vries  on  magnetic 
after  effects.  Nitrogen  in  interstitial  sites  can  diffuse  to  alter¬ 
nate  sites  with  relaxation  times  of  a  few  seconds,  at  300  K, 
when  the  directions  of  applied*magnetic  fields  are  changed. 
This  diffusion  causes  temporal  changes  in  the  magnetoelastic 
properties  of  the  iron  samples,  thus  producing  a  magnetic 
after  effect.  In  the  current  research  the  ac-magnetostriction 
measurements  were  made  in  a  time  which  is  25-100  times 
shorter  than  the  relaxation  time  of  the  dissolved  nitrogen, 
and  no  after  effects  can  be  observed.  To  help  make  this  dis¬ 
tinction  clear,  the  magnetostriction  constants  will  be  desig¬ 
nated  as  and  depending  on  whether  the  measure¬ 
ment  time  scales  were  long  or  short  compared  to  the  nitrogen 
relaxation  time. 

De  Vries  modified  earlier  models  of  Polder’®  and  Neel” 
and  postulated  the  following  expression  for  the  free  energy 
per  unit  volume  for  a  lattice  containing  interstitial  atoms: 
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RT 


+  £2(^1  ^ yy'^  ^ zz)  2  VCo(l  “  C  ) 


+D 


1  ®2~3 


+Ki(a\a2+  a2®3  +  a’ofj) +^l2Q:]  0:20:3. 


(1) 


In  this  expression,  the  nitrogen  concentration  is  3Co,  the  c’s 
are  elastic  moduli,  the  e’s  are  lattice  strains,  the  a’s  are  di¬ 
rection  cosines  of  the  magnetization  with  respect  to  the  crys¬ 
tal  axes,  the  C’s  are  deviations  of  interstitial  site  occupations 
from  the  mean  fraction  Cq,  B[  and  B2  are  the  magnetoelas¬ 
tic  coupling  constants  in  a  nitrogen-containing  structure,  the 
K’s  are  the  magnetocrystalline  anisotropy  constants,  D  is  the 
interstitial  interaction  constant,  e  is  a  strain-interstitial  cou¬ 
pling  constant.  Fq  is  the  free  energy  without  any  effects  of 
strain,  interstitials,  or  magnetization  direction,  T  is  the  abso¬ 
lute  temperature,  R  is  the  gas  constant,  and  V  is  the  molar 
volume  of  iron. 


Equation  (1)  was  used  to  calculate  the  effect  of  the  in¬ 
terstitial  nitrogen  on  the  magnetostriction  constants.  The  lat¬ 
tice  equilibrium  was  found  by  minimizing  the  free  energy  of 
Eq.  (1)  with  respect  to  the  strains  e,j  and  the  interstitial  con¬ 
centrations  C, .  Compared  to  the  De  Vries  treatment,  we  have 
kept  higher-order  terms  involving  the  nitrogen  concentration 
(3Co),  and  have  allowed  for  the  dependence  of  and  B2  on 
Cq.  That  is,  our  treatment  allows  for  the  variation  of  the 
magnetoelastic  coupling  constant,  B,  on  the  nitrogen  concen¬ 
tration.  With  nitrogen  interstitials,  these  constants  are  desig¬ 
nated  B[  and  B2,  and  B[  can  be  found  from  an  expression 
for  as 
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The  value  of  Bj  corresponds  to  the  value  of  the  instanta¬ 
neous  magnetostriction  constant  and  using  the  well- 
known  relationship  between  Xjoo  and  Bj,  the  magnetostric¬ 
tion  constant,  X*^'*,  can  be  expressed  in  terms  of  the 
nitrogen  concentration  (3Co).  Since  the  nitrogen  atoms  wilt 
attempt  to  occupy  interstitial  sites  in  planes  perpendicular  to 
the  direction  of  the  applied  magnetic  field,  the  X'loJf  can  be 
approximated  by  Xfoo.  The  value  of  Xj^"  will  represent  the 
measured  value  for  a  FeN  film,  which  is  represented  as  Xj§o . 
This  substitution  yields 
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Following  the  procedure  indicated  above  for  the  constant 
Xiii  gives  the  result  Xn|^=Xiij. 

By  proper  averaging  the  saturation  magnetostriction  for 
a  film  with  a  (110)  orientation  can  be  shown  to  be 
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Using  this  expression  and  Eq.  (3),  the  theoretical  value  of  the 
magnetostriction  for  a  FeN  film  with  a  (110)  orientation  can 
be  calculated,  assuming  that  the  nitrogen  concentration  is 
uniformly  distributed  in  the  film.  Two  sets  of  experimental 
data  points  and  the  theoretical  fit  are  shown  in  Fig.  1.  The 
values  of  the  constants  taken  from  the  literature  and  used  in 
the  theoretical  fit  were  e=-9.2xl0“’  J/m^  Cii=2.4lxi0‘' 
and  Ci2=1.46X10"  N/m^  r=300  K,  X^§o=20.7X10“^ 
Xjfi=-21.2X10"*,  B/V=  1.17X10®  J/(m^K).  This  fit  de¬ 
scribes  the  increase  in  magnetostriction  with  nitrogen  content 
quite  well.  A  vertical  shift  of  the  theoretical  line  was  required 
to  fit  the  experimental  data.  This  could  be  caused  by  the 
presence  of  intercrystalline  material,  trace  amounts  of  new 
phases,  or  orientations  not  detectable  by  x  ray,  or  film  con¬ 
taminants.  An  average  value  of  D  =  4. 18X10®  J/m'^  gives  a 
good  fit  to  both  sets  of  experimental  points  at  room  tempera¬ 
ture.  The  value  of  D  is  roughly  10%  less  than  the  value 
reported  by  De  Vries  for  his  measurements  conducted  at  225 
K. '  This  is  consistent  with  reports  of  a  decrease  in  D  with 
increase  in  temperature.’^ 

B.  Permeability 

Measurements  of  other  investigators  have  shown  that  the 
initial  penneability  along  the  hard  axis  of  FeN  films  with  a 
(110)  orientation  can  be  conelated  with  the  magnetic  anisot¬ 
ropy  energy  in  each  grain,  calculated  for  a  tetragonal  defor¬ 
mation  of  the  iron  lattice  under  the  assumption  that  the  mag¬ 


netocrystalline  anisotropy  constants,  elastic  moduli,  and 
magnetostriction  constants  were  the  same  as  those  for  bulk 
iron.’^"’®  Takahashi  and  Shimatsu  have  favorably  compared 
the  location  of  a  maximum  in  the  initial  permeability  for  FeN 
films  to  the  minimum  in  the  total  anisotropy  energy  per 
grain,  t/uo*  of  iron  that  occurs  at  a  lattice  strain  of  0.0040.’® 
The  technique  for  calculating  the  total  anisotropy  per  grain 
for  an  iron  film  has  been  described  elsewhere.’^"’® 

We  have  recalculated  the  total  anisotropy  energy  per 
grain,  t/iio>  with  allowance  for  the  dependence  of  Xiqq  on 
the  nitrogen  content  in  FeN  films.  The  amount  of  lattice 
strain  due  to  interstitial  nitrogen  was  used  to  calculate  the 
nitrogen  concentration  using  an  expression  of  Wriedt  and 
Zwell  that  gives  the  dependence  of  the  lattice  constant  of 
iron  on  the  amount  of  interstitial  nitrogen.”  The  magneto¬ 
striction  constant,  Xjoo ,  can  then  be  calculated  using  Eq.  (3). 
In  this  calculation  the  total  nitrogen  concentration  was  given 
as  3Co  and  the  experimentally  determined  room  temperature 
value  of  D  =  4. 18x10®  J/m^  was  used.  This  value  of  X[oo 
can  then  be  used  in  the  calculation  of  the  total  anisotropy 
energy  as  a  function  of  the  lattice  strain.  We  have  done  this 
calculation  and  find  that  the  energy  minimum  occurs  at  a 
value  of  lattice  strain  ej,  =0.0029  which  agrees  closely  with 
the  experimental  maximum  in  permeability  previously  re¬ 
ported  at  Arf„o/rfiio=0.0028.’® 
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Gd2_;(CexCu04,  0=Sj:=s0.15,  have  been  synthesized  by  the  solid  state  reaction,  the  sol-gel  technique 
arid  the  water-in-oil  microemulsion,  in  order  to  vary  the  particle  size.  The  samples  have  been 
characterized  by  x-ray  diffraction,  photon  correlation  spectroscopy  and  transmission  electron 
microscopy.  Magnetization  and  ac  susceptibility  measurements  were  performed  between  4  and  300 

K.  The  extrapolated  linear  part  of  the  inverse  magnetization  shifts  to  lower  temperatures  as  the 
particle  size  decreases.  The  internal  field  associated  to  the  WF  of  the  Cu  moments  diminishes  with 
the  particle  diameter.  Differences  between  the  zero-field-cooling  and  the  field-cooling  magnetization 
curves  were  observed  for  T<T}^.  These  differences  depend  on  the  particle  size. 


Since  the  discovery  of  the  new  family  of  electron  doped 
superconductors  Rj  g5Mo.i5Cu04  (with  R=Pr,  Nd,  Sm,  Eu, 
and  M=Ce,  Th)*  much  attention  has  been  focused  on  the 
study  of  the  properties  of  these  materials.^  Gd2Cu04  has 
been  found  not  to  be  superconducting  when  doped  with  Ce 
or  Th,^  as  contrary  to  the  lighter  rare  earths  compounds.  This 
family  crystallizes  in  the  tetragonal  Nd2Cu04-type  structure 
with  the  Cu(II)  ions  ordered  antiferromagnetically  (AF)  at 
K.  The  interest  in  Gd2Cu04  lies  on  the  possible 
relationship  between  its  magnetic  properties  and  its  no¬ 
superconducting  behavior.  The  magnetic  properties  of  this 
compound  have  been  studied  in  detail  for  single  crystals  and 
powders."*  This  compound  shows  a  WF  component  below 
T//^210  K,  possibly  due  to  a  distortion  of  the  oxygens  sur¬ 
rounding  the  Cu  moment  in  the  T'  phase,  which  occurs  for 
rare  earths  lighter  than  Eu(IlI). 

In  the  present  work,  we  describe  the  synthesis  of 
Gd2_:tCe;fCu04  (with  x=0.00,  0,05,  0.10,  and  0.15)  using  a 
sol-gel  technique  and  water-in-oil  (W/0)  microemuisions. 
Both  techniques  allow  us  to  obtain  polycrystalline  powders 
of  controlled  size.  We  performed  magnetization  measure¬ 
ments  in  order  to  study  the  influence  of  particle  size  on  the 
magnetic  properties  of  these  materials. 

We  used  three  different  techniques  to  obtain  particles  of 
different  sizes: 

(1)  Solid  state  reaction,  using  a  stoichiometric  mixture  of 
Gd203  and  CuO  as  starting  materials.  The  mixture  was 
ground  in  a  ball  mill  and  then  annealed  first  at  800  °C  for  24 
h  with  several  intermediate  grindings  followed  by  a  second 
annealing  at  850  °C  for  48  h.  The  resulting  powder  was  used 
as  a  reference. 

(2)  Sol-gel  technique,  using  urea  as  gelificant  agent.  As 
starting  materials  stoichiometric  amounts  of  nitrate  salts 
were  used,  due  to  their  high  solubility  in  water.  The  solvent 
was  evaporated  directly  on  a  hot  plate  with  continuous  stir¬ 
ring.  When  cooling  a  gel  is  foimed,  which  is  decomposed  in 
an  oven  at  250  ®C,  yielding  the  precursor  of  these  samples. 


After  grinding  the  precursor,  it  was  submitted  to  several  an¬ 
nealings  at  different  temperatures  in  order  to  obtain  particles 
of  different  sizes.  More  details  of  this  process  had  been  pre¬ 
viously  reported.^ 

(3)  Synthesis  of  Gd2Cu04  was  done  by  means  of  a  W/0 
microemulsion.  We  used  n-heptane  as  organic  phase, 
Aerosol-OT  (bis-2-ethyl  hexyl  sodium  sulfosuccinate)  as  sur¬ 
factant  and  a  solution  of  citric  acid  and  nitrate  salts  as  an 
aqueous  phase.  The  microemulsion  was  heated  on  a  hot  plate 
to  evaporate  part  of  the  organic  phase.  This  gel  was  washed 
with  « -heptane  and  acetone.  The  resulting  powder  was  dried 
yielding  to  tne  precursor  of  these  samples.  After  grinding  the 
precursor,  it  was  subjected  to  different  annealings. 

The  polycrystalline  powders  were  structurely  character¬ 
ized  by  X  rays.  The  size  distribution  was  measured  by  photon 
correlation  spectroscopy  (PCS)  and  transmission  electron 
microscopy  (TEM).  The  mag:.  ..tic  measurements  were  made 
between  4  K^7’^300  K  using  SQUID  and  VSM  magneto¬ 
meters  in  fields  up  to  5  kOe. 

X-ray  diffraction  of  the  samples  synthesized  by  the  solid 
state  reaction  indicates  a  pure  Gd2Cu04  phase.  Similar  data 
for  Gd2Cu04,  obtained  via  sol-gel,  show  almost  a  pure  phase 
for  samples  annealed  at  temperatures  as  low  as  650  °C.  The 
time  necessary  to  obtain  this  phase  decreases  considerably 
when  the  calcination  temperature  increases.  For  example,  72 
h  are  needed  at  650  "C  but  only  3  h  at  950  °C.  Seven  samples 
between  these  two  temperatures  were  obtained. 
Gd2_,Ce;tCu04  (with  x=0.05,  0.10,  and  0.15)  was  also  pre¬ 
pared  via  sol-gel.  It  was  observed  that  when  the  annealing 
temperature  decreases  so  does  the  solubility  of  Ce  in  the 
compound.  When  x=0.05,  0.10,  and  0.15  the  pure  phase  is 
obtained  only  for  temperatures  above  700,  750,  and  900  °C, 
respectively.  For  samples  synthesized  in  W/0  microemui¬ 
sions,  the  Gd2Cu04  phase  is  obtained  at  700  “C.  X-ray  dif¬ 
fraction  shows  the  presence  of  =*10%  of  Gd203  as  a  second¬ 
ary  phase.  The  amount  of  this  secondary  phase  is  almost 
independent  of  the  annealing  temperature.  Five  samples  were 
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FIG.  1.  Average  diameter  of  Gd2Cu04  particles  as  a  function  of  the  anneal¬ 
ing  temperature  for  samples  obtained  via  sol-gel. 


prepared  between  700  and  950  °C  using  W/0  microemul¬ 
sions. 

The  particle  size  of  the  different  samples  was  measured 
by  PCS.  Figure  1  shows  the  average  diameter  of  the  particles 
as  a  function  of  the  annealing  temperature  for  samples  ob¬ 
tained  via  sol-gel.  As  it  can  be  seen  the  particle  size  increases 
with  annealing  temperature.  The  particles  synthesized  by  or¬ 
dinary  solid  state  reaction  present  high  polydisper''ity,  con¬ 
trary  to  the  obtained  by  the  wet  methods,  with  sizes  in  the 
range  0.2-4  /tm. 

Figure  2  shows  two  TEM  photographs,  one  for  a  sample 
prepared  by  the  solid  state  reaction  [Fig.  2(a)],  and  the  other 
for  a  sol-gel  sample  annealed  at  750  ®C  [Fig.  2(b)].  As  it  can 


.  3.  (a)  dc  magnetization  vs  temperature  for  a  ceramic  Gd2Cu04  sample. 
Jc  maene.ization  vs  temperature  for  a  sol-eel  GdiCuO,  sample  annealed 


VTG.  2.  TEM  photographs  (a)  for  a  sample  prepared  by  solid  state  reaction  FIG.  4.  Inverse  of  dc  susceptibility  curves  vs  temperature  for  sol-gei  and 
and  (b)  for  a  sol-gel  sample  annealed  at  750  °C.  ceramic  Gd2Cu04  samples. 
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FIG.  5.  Extrapolated  temperatures  from  dc  and  ac  susceptibilities  for  sol-gel 
Gd2Cu04  samples. 


FIG.  7.  Internal  fields  obtained  from  M  H  measurements  for  sol-gel 
Gd2.jCe^Cu04  samples. 


be  seen,  ceramic  samples  are  relatively  large  («l/im),  while 
the  sol-gel  particles  are  of  the  order  of  ‘“lOO  nm.  The  sizes 
measured  by  PCS  and  TEM  agree  well. 

dc  magnetization  data  show  that  the  WF  component 
found  in  single  uystals  and  in  polycrystalline  samples  of 
Gd2Cu04  below  ‘«270  K,'*  as  shown  in  Fig.  3(a)  for  a  ce¬ 
ramic  sample,  is  depressed  in  a  sample  annealed  at  800  ®C, 
as  seen  in  Fig.  3(b).  The  WF  peak  in  single  crystals  occurs  at 
the  ordering  temperature  of  ^(11)  moments  and  is  due  to  a 
distortion  from  a  perfect  square  of  the  CUO2  plane,  because 
of  the  displacement  of  oxygen  atoms  along  the  normal  to  the 
Cu — 0  bond.  Such  a  distortion  results  in  spin-canted  antifer¬ 
romagnetic  domains  (“canted”  AF  ordering  of  the  Cu  mo¬ 
ments).  This  property  is  better  appreciated  when  plotting  the 
vs  T,  as  done  for  sol-gel  Gd2Cu04  samples  in  Fig.  4.  If 
we  associate  the  extrapolated  temperature  of  the  linear  part 
of  with  the  onset  of  WF,  we  observe  that  the  transition 
temperature  seems  to  be  reduced  with  the  particle  size,  ac 
susceptibility  measurements  done  in  the  same  samples  held 


FIG.  6.  Internal  fields  obtained  from  M  \s  H  measurements  for  sol-gel, 
ceramic  and  single  crystal  Gd-Cu04  samples. 


similar  results.  In  Fig.  5  it  is  shown  the  extrapolated  tem¬ 
perature,  T„^,,  obtained  by  ac  and  dc  measurements.  The 
disappearance  of  the  internal  field  could  be  explained  if  the 
size  of  the  particles  becomes  comparable  with  the  correlation 
length  of  the  Cu(II)  antiferromagnetic  order.  Another  expla¬ 
nation  could  be  due  to  the  surface  effects  which  become 
more  important  for  smaller  particles  and  such  effects  could 
slightly  modify  the  lattice  parameters,  which  are  determinant 
in  the  onset  of  WF.^  It  is  worth  mentioning  that  besides  the 
effects  on  this  peak,  other  features  observed  are  the  decrease 
of  the  absolute  magnetization  values  and  differences  between 
field  cooling  (FC)  and  zero  field  cooling  (ZFC)  magnetiza¬ 
tion  curves. 

In  Fig.  6  the  evolution  of  the  internal  field,  H, ,  extrapo¬ 
lated  from  the  paramagnetic  part  of  A/  vs  //  measurements  at 
high  field  as  a  function  of  the  temperature  for  sol-gel  is  pre¬ 
sented.  Values  for  ceramic  and  single  crystal  samples  are  also 
included.  It  is  clear  that  the  internal  field  diminishes  with  the 
particle  size. 

For  the  sol-gel  Gd2_;tCe;fCu04  samples,  //,  decreases 
with  the  annealing  temperature  and  cerium  doping  as  seen  in 
Fig.  7.  The  internal  field  is  more  sensitive  to  the  thermal 
annealing  than  to  cerium  doping. 
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The  magnetic  properties  of  numerous  compositions  in  the  ternary  Ca0-P20s-Fe203  system  have 
been  studied.  A  relatively  wide  glass  formation  region  is  located  around  the  P2O5  comer  of  the 
system.  The  Fe203-containing  glasses  exhibit  paramagnetic  behavior.  The  specimens  inside  the 
composition  range  Fe2O3^30%  consist  of  both  paramagnetic  and  ferrimagnetic  phases. 


Glass  formation  in  the  Ca0-P205-Fe203  system  has  been 
known  and  studied  for  over  two  decades.*"'*  The  system  pro¬ 
vides  a  wide  range  of  glass  specimens  for  optical  and  mag¬ 
netic  studies.  However,  the  motivation  for  early  studies  was 
primarily  academic.  The  phosphate  glass-forming  system  has 
recently  attracted  considerable  attention  as  potential 
biomaterials.*"^  The  Ca0-p205-Fe203  system  has  also  been 
of  considerable  interest  in  steel  making.® 

In  Ca0-P205-Fe203  glasses  and  slags,  iron  exists  in  pri¬ 
marily  two  oxidation  states,  the  Fe^'*'  and  Fe®^  states,  which 
give  rise  to  well  documented  characteristic  optical  and  mag¬ 
netic  phenomena.  The  magnetic  susceptibility  of  a  few  com¬ 
positions  in  the  Ca0-P205-Fe203  system  has  been  measured 
and  reported  by  Sanad  etal..^  However,  a  complete  under¬ 
standing  of  the  basic  mechanisms  leading  to  variations  in 
magnetic  properties  in  a  wide  range  of  compositions  is  lack¬ 
ing.  Thus,  the  purpose  of  this  study  is  to  conduct  a  limited 
but  systematic  study  of  the  magnetic  properties  in  the 
C80-P203-Fe203  system. 

The  compositions  used  in  this  investigation  are  shown  in 
Table  I.  The  details  for  sample  preparation  were  reported 
earlier."*  After  casting,  the  materials  were  annealed  at  500  °C 
in  air.  TVvo  were  further  heat  treated  before  being  character¬ 
ized  for  magnetic  properties.  Magnetic  susceptibility  was 
measured  using  a  Princeton  Vibrating  Sample  Magnetometer 
Model  151  from  20  to  500  °C.  A  few  specimens  were  also 
characterized  for  microstructures  using  optical  microscopy, 
SEM,  and  energy  dispersive  x-ray  analysis. 

Figure  1,  a  ternary  diagram,  shows  the  locations  of  the 
synthesized  compositions.  General  observations  on  these 
compositions  are  presented  in  Table  I.  Based  on  these  obser¬ 
vations  and  magnetic  measurements,  the  Ca0-P205-Fe203 
system  is  divided  into  three  regions:  glass-forming  region, 
refractory  region  (rm>1400  ‘’C),  and  ferrimagnetic  region. 

The  glass-forming  region  has  a  relatively  wide  composi¬ 
tion  range  around  the  P2O5  comer.  In  this  region,  specimens 
were  melted  easily  in  the  temperature  range  of  1000- 
1400  "C  and  retained  their  vitreous  character  during  the  cast¬ 
ing  and  heat  treatment  processes.  Some  compositions  inside 
the  ferrimagnetic  region  also  melted  with  relative  ease;  how¬ 
ever,  they  crystallized  during  the  casting  and  heat  treatment 
processes.  Compositions  with  (CaO+Fe2O3)>60%  exhibited 
significant  refractoriness,  and  three  (Nos.  8,  11,  and  12)  did 
not  melt. 

Figure  2  shows  magnetic  susceptibility,  x,  as  a  function 
of  temperature  for  three  specimens:  Nos.  17,  18,  and  19. 
These  compositions  are  located  in  the  glass-forming  region. 
The  calcium  phosphate  glass.  No.  19,  alone  exhibits  diamag¬ 


netic  behavior  with  a  negative  x,  which  is  relatively  indepen¬ 
dent  of  temperature.  When  iron  is  introduced  to  the  binary 
phosphate  glass,  it  gives  rise  to  paramagnetic  behavior,  the 
degree  of  which  is  directly  related  to  the  iron  concentration. 
Paramagnetism  originates  from  the  presence  of  permanent 
magnetic  dipole  moments  in  the  materials.  Both  oxidation 
states  of  iron,  Fe^^  and  Fe®’*^,  lead  to  permanent  dipole  mo¬ 
ments.  The  magnetic  moment  of  Fe®'*',  with  five  unpaired 
electrons,  is  higher  than  that  of  F^'*',  which  has  only  four.  It 
has  recently  been  reported  that  the  melting  atmosphere  has  a 
major  influence  on  the  relative  proportion  of  Fe^^  and  Fe®"*^ 
states  in  these  glasses.*®  In  general,  the  oxidizing  atmosphere 
increases  the  proportion  of  Fe®'*'.  The  melting  atmosphere- 
induced  redox  state  also  affects  the  resulting  physical  and 
chemical  properties  of  the  glasses.’  The  paramagnetism  of 
Nos.  17  and  18  exhibit  significant  temperature  dependence. 
Specimen  No.  17  i»  a  weaker  paramagnetic  material  whose 
magnetic  susceptibility  is  close  to  zero  at  elevated  tempera¬ 
ture.  In  general,  paramagnetic  susceptibility  decreases  with 
increasing  temperature. 

Paramagnetic  materials  show  a  linear  relationship  be¬ 
tween  applied  magnetic  field,  H,  and  specific  magnetization, 
<r.  Ferrimagnetism  yields  a  nonlinear  relationship  between  H 
and  (7  and  also  results  in  a  hysteresis  effect.  The  bulk  speci¬ 
mens  5,  6,  7,  9,  and  10  located  '.z  the  ferrimagnetic  region 


TABLE  I.  Compositions  and  observations  in  the  Ca0-P205-Fe203  system. 


Composition  (wt  %) 

CaO  ^2^5  F®2®3 

Observations 

1 

10 

50 

40 

Good  gla.ss 

2 

20 

50 

30 

Glass  with  a  crystallized  surface 

3 

30 

50 

20 

Melted  but  could  not  be  poured  out 
of  crucible 

4 

40 

50 

10 

Very  little  formation  of  liquid  phase 

5 

10 

40 

50 

Good  liquid  but  crystallized  during  cast 

6 

20 

40 

40 

Good  liquid  but  crystallized  during  cast 

7 

30 

40 

30 

Melted  but  could  not  be  poured  out 
of  crucible 

8 

40 

40 

20 

Did  not  melt 

9 

10 

30 

60 

Good  liquid  but  crystallized  during  cast 

10 

20 

30 

50 

Melted  but  could  not  be  poured  out 
of  crucible 

11 

30 

30 

40 

Incomplete  melting 

12 

40 

30 

30 

Did  not  melt 

13-16 

4-16 

64-70 

20-30 

Good  glass 

17 

16 

79 

5 

Good  glass 

18 

11 

79 

10 

Good  glass 

19 

28 

72 

0 

Good  glass 
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FIG.  1.  Synthesized  compositions  in  the  Ca0-P205-Fe203  system. 

contain  both  paramagnetic  and  fenimagnetic  phases.  Mag¬ 
netic  properties  of  these  bulk  specimens  are  comprised  of 
contributions  from  both  phases.  Figure  3(a)  shows  a  <r  vs  // 
plot  of  bulk  No.  6  heat  treated  at  700  “C.  The  bulk  magnetic 
response  is  resolved  into  fenimagnetic  and  paramagnetic 
contributions  as  shown  in  Figs.  3(b)  and  3(c). 

Magnetic  parameters  ,  tr, ,  and  x  of  specimens 

2, 5, 6, 7, 9,  and  10  are  presented  in  Table  II.  It  is  interesting 
that  the  paramagnetic  contributions  remain  constant  at 
~6X10"^  emu/(g  Oe)  for  all  the  specimens  in  the  ferrimag- 
netic  region.  The  paramagnetic  phase  is  believed  to  be  a 
vitreous  phase  containing  Fe203,  whereas  the  ferrimagnetic 
phase  is  a  crystalline  phase  containing  mostly  P2O5  and 
Fe203.  Specimen  10  (20CaO-40P205  50Fe203)  has  the  high¬ 
est  saturation  a, ^26.0  emu/g.  Optical  microscopy  of  speci¬ 
men  10  revealed  three  phases.  The  volume  fraction  of  the 
fenimagnetic  phase  as  determined  from  optical  microscopy 
is  about  83%.  From  this  data,  the  o-j  for  a  single  ferrimag¬ 
netic  phase  is  estimated  to  be  31  emu/g  which  is  higher  than 
that  for  cubic  ferrites  Mg0  Fe203  and  Cu0  Fe203. 


0  100  200  300  400  500  600 


Temperature  (°C) 

FIG.  2  Magnetic  susceptibility  x  vs  temperature  of  Nos.  17,  18,  and  19. 
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FIG.  3.  Magnetization  curve  of  No.  6  heat  treated  at  700  °C.  (a)  Bulk,  (b) 
ferrimagnetic  phase,  (c)  paramagnetic  phase. 

The  magnetization  curves  of  No.  5  are  shown  in  Fig.  4. 
After  annealing  at  500  °C,  No.  5  displays  ferrimagnetic  be¬ 
havior  with  a  large  hysteresis  loop:  remanent  magnetization 
B,.-29.5  G  ((7-,.=0.3  emu/g)  and  intrinsic  coercivity 
3/7/<.=450  Oe.  The  specimen  was  further  heat  treated  at  600, 
700,  750,  and  850  “C  for  24  h.  The  higher  the  heat  treatment 
temperature,  the  lower  the  degree  of  ferrimagnetism,  and  it 
vanishes  at  850  °C.  Specimen  No.  6  exhibited  similar  behav¬ 
ior.  Table  III  presents  a  comparison  of  the  magnetic  proper¬ 
ties  of  Nos.  5  and  6  for  similar  heat  treatments.  It  is  apparent 
that  No.  6  possesses  ferrimagnetism  superior  to  that  of  No.  5, 
in  spite  of  the  fact  that  No.  6  has  a  lower  iron  concentration. 
However,  additional  heat  treatments  have  a  negative  effect 
on  the  ferrimagnetic  behavior  of  both  specimens. 

In  an  attempt  to  characterize  the  ferrimagnetic  phase, 
specimen  No.  5  was  examined  using  scanning  electron  mi¬ 
croscopy  and  energy  dispersive  x-ray  analysis.  The  scanning 
electron  micrographs  for  the  500  "C  annealed  and  850  °C 
heat-treated  specimens  are  shown  in  Fig.  5.  The  microstruc¬ 
tures  of  the  specimens  consist  of  three  phases;  dark  gray, 
gray,  and  light  gray.  For  the  specimen  after  850  ®C/24  h  heat 
treatment,  its  dark-gray  and  light-gray  phases  increase  from 
26%  and  15%  to  36%  and  42%,  respectively,  and  its  gray 


TABLE  II.  Ferrimagnetic  paramagnetic  properties  of  the  compositions  in 
the  ferrimagnetic  region  at  room  temperature.* 


Ferrimagnetism  of  bulk  specimen 

Sample 

No. 

(Oe) 

(emu/g) 

(emu,'g) 

Ferrimagnetic 

phase 

X=M/H 
(emu/g  Oe) 

2 

0% 

5.0  X  10"^ 

5 

450 

1.5 

0.3 

7.2  X  10"^ 

6 

325 

2.1 

0.7 

6.2  X  10‘5 

7 

125 

5.9 

0.9 

5.8  X  10”^ 

9 

o 

oo 

-0.01 

<0.01 

6.2  X  10'* 

10 

110 

26.0 

3.1 

83% 

6.7  X  10"* 

*Ail  the  specimens  were  heat  treated  at  500  °C  but  No.  6  was  heat  treated  at 
700  °C. 


B.  Kumar  and  C.  H.  Chen  6761 


2 


H(Oe) 

FIG.  4.  Magnetization  vs  magnetic  field  of  No.  5  as  a  function  of  heat 
treatment  temperatures. 


phase  diminishes  from  59%  to  22%.  Thus,  we  believe  that 
this  gray  phase  is  responsible  for  the  observed  ferrimag- 
netism.  The  energy  dispersive  analysis  reveals  a  composition 
of  this  phase  to  be  approximately  3Fe203-P205. 

The  lack  of  phase  equilibrium  and  crystallographic  data 
in  the  Ca0-P20j-Fe203  system  has  limited  our  ability  to  ana¬ 
lyze  and  identify  the  ferrimagnetic  phase  in  the  system. 
However,  it  is  interesting  to  note  that  a  ferrimagnetic  com¬ 
pound  exists  in  the  Ca0-P205-Fe203  system.  The  phosphate- 
based  magnetic  materials  may  potentially  have  some  appli¬ 
cation  in  the  field  of  biomedical  engineering. 

Three  regions  have  been  found  in  the  Ca0-P205-Fe203 
system.  A  wide  glass-forming  region  is  located  around  the 
P2O5  comer,  in  which  bulk  specimens  could  be  prepared  us¬ 
ing  a  normal  casting  procedure  and  cooling  rate.  The  calcium 
phosphate  glass  exhibits  temperature  independent  diamagne- 


TABLE  III.  Comparison  of  magnetic  properties  of  Nos.  5  and  6. 


Sample 

No. 

700 

“(724  h 

750  ‘’C/24  h 

850 

‘'C/24h 

BriG) 

«N,(Oe) 

Br(G) 

«//c(Oe) 

BAG) 

«Wc{'C) 

5 

14.3 

450 

7.5 

450 

0 

0 

6 

28.9 

325 

8.4 

370 

0.9 

300 

(b) 

FIG.  5.  Microstructures  of  No.  5  (10CaO'40P205’50Fe203,  wt  %).  (a)  After 
500  °C  annealing,  (b)  after  850  °C/24  h  heat  treatment. 


tism.  Adding  iron  to  the  calcium  phosphate  system  leads  to 
paramagnetic  behavior.  A  ferrimagnetic  region  is  located  in 
the  composition  range  with  10%-30%  CaO,  30%-40% 
P2O5,  and  >30%  Fe203.  Samples  inside  the  region  contain 
both  paramagnetic  and  ferrimagnetic  phases.  Subsequent 
heat  treatments  at  600-850  ®C  reduces  or  destroys  the  feni- 
magnetism. 


'a.  Bishay  and  A.  Kinawi,  Proceedings  of  the  International  Congress, 
Physics  of  Non-Crystalline  Solids,  Delft,  Netherlands,  July  1964  (North- 
Holland,  New  York,  1965),  p.  589. 

^C.  Htrayama,  J.  G.  Castle,  Jr.,  and  M.  Kuriyama,  Phys.  Chem.  Glasses  9, 
109  (1968). 

^R.  J.  Edwards,  A.  Paul,  and  R.  W.  Douglas,  Phys.  Chem.  Glasses  13, 137 
(1972). 

^B.  Kumar,  C.  H.  Chen,  Phys.  Chem.  Glasses  (to  be  published). 

*B.  Kumar,  Trans.  Indian  Ceram.  Soc.  44,  123  (1985). 

^G.  Graves  and  B.  Kumar,  U.  S.  Patent  No.  4,604,097,  5  August  1986. 

’B.  Kumar  and  S.  Lin,  J.  Am.  Ceram.  Soc.  74,  226  (1991). 

*A.  Muan  and  E.  F.  Osborn,  Phase  Equilibria  Among  Oxides  in  Steel  Mak¬ 
ing  (Addison-Wesley,  Reading,  MA,  1965),  pp.  158-165. 

’a.  M.  Sanad,  1.  Kashif,  M.  A.  Khaled,  S.  A.  Aly,  and  H.  Farouk,  Phys. 
Chem.  Glasses  30,  27  (1989). 
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Magnetic  properties  of  Y3_x-yPrxLUyFe50i2  garnet  films 

A.  Azevedo,  C.  Cinbis,  and  M.  H.  Kryder 

Data  Storage  Systems  Center,  Camegie-Mellon  University,  Pittsburgh,  Pennsylvania  15213 

In  this  work  we  report  on  the  magnetic  and  low-field  ferromagnetic  resonance  properties  of  iron 
garnet  films  of  general  composition  Y3_;(_yPr^LUj,Fe50j2  for  0^j:=s0.3  and  0=S3?^0.7.  The  films 
were  grown  onto  [111]  gadolinium  gallium  garnet  substrates  by  liquid  phase  epitaxy.  Both 
growth-induced  and  cubic  anisotropies  were  investigated  by  means  of  torque  magnetometry  and 
ferromagnetic  resonance  at  room  temperature.  The  growth-induced  anisotropy  constant  and  the 
first  order  magnetocrystalline  cubic  constant  Ki  exhibit  a  linear  dependence  with  the  praseodymium 
content.  The  addition  of  I.u  with  Pr  enhances  both  and  Ki  dependence  on  the  doping,  yielding 

iiKJx - 2.4X10^  erg/cm^  and  AKi/x —  1.1X10^  erg/cm^.  The  addition  of  praseodymium  in 

the  garnet  films  significantly  improves  the  soft  magnetic  properties.  In-plane  coercivity  is  about  0.1 
Oe  and  there  is  a  negligible  anisotropy  in  the  plane  of  the  film.  The  effect  of  the  doping  by 
praseodymium  and  lutetium  on  the  saturation  magnetization  is  insignificant  at  room  temperature. 


i.  INTRODUCTION 

Magnetic  garnets  exhibiting  growth  induced  uniaxial  an¬ 
isotropy  have  been  intensely  studied.*  Many  epitaxially 
grown  garnet  films  exhibit  a  positive  uniaxial  anisotropy,  and 
thus  the  easy  or  preferred  axis  of  magnetization  is  perpen¬ 
dicular  to  the  film  plane.  In  contrast,  praseodymium- 
substituted  iron  garnet  films  exhibit  an  in-plane  growth- 
induced  anisotropy.^ 

The  purpose  of  this  paper  is  to  present  the  magnetic  and 
low-field  ferromagnetic  resonance  properties  of 
praseodymium-doped  iron  garnet  films  as  a  function 
of  the  doping  content.  Films  of  general  composition 
Y3_^_j,Pr^LUj,Fe50i2  for  and  0^y=s0.7,  were 

grown  by  liquid  phase  epitaxy  (LPE)  onto  [lll]-oriented  ga¬ 
dolinium  gallium  garnet  (GGG)  substrates.  Lutetium  was 
added,  along  with  praseodymium  to  compensate  for  the  lat¬ 
tice  mismatch  which  would  be  produced  due  to  the  addition 
of  large  praseodymium  ions,  alone,  into  the  garnet  lattice. 
The  uniaxial  anisotropy  constant  and  the  saturation  mag¬ 
netization  47rM^  were  measured  by  torque  and  vibrating 
sample  magnetometry  respectively.  The  first  order  cubic  an¬ 
isotropy  constant  Ki  and  the  gyromagnetic  ratio  y  were  ob¬ 
tained  by  low-field  ferromagnetic  resonance  (FMR)  measure¬ 
ments.  Using  a  hysteresis  loop  tracer  we  have  also  measured 
the  coercivity. 

II.  EXPERIMENTAL  RESULTS 

All  films  have  been  grown  in  super-saturated  solutions 
using  Pb0-B203  based  flux  by  the  horizontal  dipping  tech¬ 
nique.  The  films  were  grown  isothermally  using  a  continuous 
rotation  rate  of  100  rpm  for  typically  3  min.  The  growth  rate 
varied  between  1  and  3  /um/min.  The  film  thickness  ranges 
between  1  and  12  /rm.  The  growth  temperature  ranged  be¬ 
tween  1000  and  1050  °C  using  supercooling  AT  between  5 
and  50  °C.  The  initial  molar  fluxed  melt  composition  used 
was:  333.119  g  of  PbO,  14.587  g  of  B2O3,  47.366  g  of 
Fe203,  and  4.927  g  of  Y2O3.  The  effects  of  praseodymium 
doping  were  then  investigated  by  adding  praseodymium  and 
lutetium  oxide  in  small  increments. 

The  chemical  composition  and  the  thickness  of  the  films 
were  measured  using  a  x-ray  fluorescence  spectrometer.  The 


saturation  magnetization  was  measured  with  a  vibrating 
sample  magnetometer  in  fields  up  to  6  kOe  at  room  tempera¬ 
ture.  Care  was  taken  to  extrapolate  the  magnetization  data  to 
zero  field  to  avoid  the  large  paramagnetic  susceptibility  of 
the  GGG  substrate.  The  4  ttA/j  values  indicate  that  the  effect 
of  praseodymium  is  negligible  at  room  temperature,  in  agree¬ 
ment  with  Hansen  et  al? 

% 

The  h_,  steresis  loop  traces  were  performed  with  the  ap¬ 
plied  field  parallel  to  the  direction  [112]  at  10  Hz.  There  was 
a  very  small  sixfold  in-plane  anisotropy,  which  only  affected 
the  rapidity  of  the  approach  to  saturation,  but  not  the  coer¬ 
civity  of  the  hysteresis  loops  in  different  directions.  This  an¬ 
isotropy  is  believed  to  be  due  to  the  magnetocrystalline  an¬ 
isotropy  arising  from  the  [ill]  orientation  of  the  cubic  garnet 
single  crystal  lattice.  Two  hysteresis  loop  traces  for  two  dif¬ 
ferent  doping  concentrations  are  shown  in  Fig.  1.  A  hyster¬ 
esis  loop  for  a  pure  YIG  (yttrium  iron  garnet)  film,  which 
exhibits  a  coercivity  of  about  2.2  Oe  is  shown  in  Fig.  1(a). 
The  hysteresis  loop  trace  shows  that  the  direction  [112]  is  a 
hard  axis  with  an  anisotropy  field  of  about  55  Oe.  A  hyster¬ 
esis  loop  trace  for  a  Y2.25Pro.25Luo,5Fe50i2  film,  which  exhib¬ 
its  a  coercivity  of  0.094  Oe  and  is  saturated  at  about  0.94  Oe 
is  shown  in  Fig.  1(b).  The  anisotropy  of  the  pure  YIG  film  is 
completely  removed  as  a  result  of  the  praseodymium  doping. 
A  plot  of  coercivity  as  a  function  of  Pr  content,  x,  is  shown  in 
Fig.  2.  It  is  seen  that  for  x> 0.1 4  the  coercivity  reaches  a 
minimum  value  of  about  0.1  Oe. 

We  used  the  torque  curve  measurements  to  investigate 
the  influence  of  the  praseodymium  content  on  the  uniaxial 
anisotropy  constant  .  The  torque  per  unit  volume  from  a 
(lll)-growth  plane  with  the  applied  field  in  the  (110)  plane 
is  given  by,  L  =  -  dEjda^  -  (/l„-  27rA/^)sin  2a.  Where  E 
is  the  free  energy  per  unit  volume  and  a  is  the  angle  between 
the  magnetization  and  the  easy  direction.  Here  we  have  ne¬ 
glected  the  contribution  from  Ki  and  from  the  Zeeman  en¬ 
ergy,  since  the  applied  field  was  sufficiently  high  (//=  11.5 
kOe)  to  suppose  that  M  and  H  were  essentially  parallel.  The 
concentration  dependence  of  the  uniaxial  anisotropy  constant 
Ku  is  shown  in  Fig.  3(a).  The  plot  indicates  a  strong  negative 
contribution  to  from  the  praseodymium  content.  An  ap¬ 
proximately  linear  dependence  of  on  x  of  the  form 
AKJx- — 2.4  X 10^  erg/cm^,  was  found. 


H  (Oe) 

t 

FIG.  1.  In-plane  hysteresis  loop  traces  (a)  for  a  pure  YIG  film  and  (b)  for  the 
film  YiasProisLuoiFesOij.  The  praseodymium-doped  iron  garnet  film  has  a 
coercivity  of  0.094  Oe  and  is  saturated  for  fields  around  1.0  Oe.  The  anisot¬ 
ropy  of  the  pure  YIG  was  eliminated,  as  seen  in  (a). 

Low-field  FMR  measurements  were  performed  on  the 
films  using  a  microwave  microstrip  transmition  line,  with  the 
in-plane  dc  field  parallel  to  the  [112]  direction.  The  FMR 
spectra,  for  low  magnetic  in-plane  fields  {H<20  Oe)  present 
a  strong  single  mode  absorption  peak.  The  dc  magnetic  field 
was  varied  from  20  to  1000  Oe  and  the  FMR  frequency  was 
measured  for  each  value  of  //.  Thus,  the  FMR  frequency  was 
plotted  as  a  function  of  H  for  each  sample.  To  interpret  the 
low-field  FMR  measurements,  we  have  derived  an  equation 
taking  into  account  the  noncollinearity  between  H  and  M  on 
the  (110)  plane.^  The  resonance  condition  is  given  by 
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FIG.  2.  Dependence  of  the  coercivity  on  the  praseodymium  doping.  The 
magnetic  field  was  applied  along  the  direction  [112]. 
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FIG.  3.  Concentration  dependence  of  the  growth-induced  anisotropy  con¬ 
stant  (a)  and  the  first  order  magnetocrystalline  cubic  constant  (b)  as  a 
function  of  the  praseodymium  content.  The  negative  linear  dependences  are 
given  approximately  by  ^KJx — 2.4X10^  erg/cm^  and  AK^/x 
—  1.1X10’  erg/cm’. 


/a)\2  If  I  10V5  \1 

X{HM  +  3V2Kie)  (1) 

where,  e=-VlK^I6K'  is  the  small  angle  between  H  and  M, 
K'  =Ku~2ttM^,  K]  is  the  first  order  magnetocrystalline  cu¬ 
bic  anisotropy  constant,  y  is  the  gyromagnetic  ratio,  and  w  is 
the  resonance  frequency.  The  equation  above  is  corrected  to 
second  order  in  /C  j .  For  e=0,  it  reduces  to  the  usual  equation 
given  by  Sturge  et 

Using  the  measured  values  of  and  Eq.  (1) 

was  fitted  to  the  FMR  data,  yielding  the  values  of  and  y. 
The  dependence  of  the  first  order  magnetocrystalline  cubic 
anisotropy  constant  on  the  praseodymium  content  ob¬ 
tained  in  this  manner  is  shown  in  Fig.  3(b).  The  linear  de¬ 
pendence  of  with  X  yields,  ixK^/x — 1.1  X 10^  erg/cm^. 
Negative  values  ^,f  Kj  were  already  reported  for  bulk 
praseodymium-substituted  garnet  materials.^ 

Hi.  CONCLUSION 

We  have  investigated  the  influence  of  praseodymium  and 
lutetium  on  the  properties  of  garnet  films.  The  praseody¬ 
mium  and  lutetium  doping  give  rise  to  a  strong  in-plane  an¬ 
isotropy  and  improves  the  soft-magnetic  propeities  of  the 
films.  The  microwave  absorption  spectra,  for  low  magnetic 
in-plane  fields  iH<20  Oe)  present  a  strong  single  mode 
resonance  line  characteristic  of  single-domain  samples.  The 
results  reveal  a  strong  dependence  of  both  the  first  order 


magnetocrystaline.  an:* 'otropy  .  constant /iCi  and  the  uniaxial 
anisotropy  constant  on  the  doping  content.  The  linear 
dependence  of  K„  and  Ki  on  x  is  approximately 

2.4X10^  erg/cm^  and  AK^/x - I.IXIO^ 

The  influence  of  the  doping  on  the  saturation  mag¬ 
netization  is  negligible  at  room  temperature,  in  agreement 
with  prior  results.^ 
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^P.  Hansen,  C-P.  Klages,  and  K.  Witter,  J.  Appl.  Phys.  60,  721  (1986). 

^  A.  Azevedo,  C.  Cinbis,  and  M.  H.  Kryder,  J.  Appl.  Phys.  74, 7450  (1993). 
^M.  D.  Stuige,  R.  C.  LeCraw,  R.  D.  Pierce,  S.  J.  Licht,  and  L.  K.  Shick, 
Phys.  Rev.  B  7, 1070  (1973). 

^J.  Ostorero,  A.  Marais,  H.  Makran,  G.  ^61Iers,  M.  Port,  and  M.  Tlghezza, 
J.  Appl.  Phys.  53,  2716  (1982). 


J.  Appl.  Phys.,  Vol.  75,  No.  10. 15  May  1994 


Azevedo,  Cinbis,  and  Kryder  6765 


Magnetic  properties  of  amorphous  Cr-Fe  alloys  prepared  by  thermal 
evaporation  and  nriechanical  millihg 
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France 

Crjoo-jfFe^  amoiphous  alloys  have  been  prepared  through  two  different  routes;  thermal 
coevaporation  and  mechanical  milling.  The  Mossbauer  measurements  on  the  materials  show  that  the 
amorphization  leads  to  a  dramatic  reduction  of  Fe  magnetic  moment  as  compared  to  the  crystalline 
bulk  samples.  On  the  other  hand,  the  magnetic  ac  susceptibility  and  the  magnetization 
measurements  indicate  a  dominant  ferromagnetic  intracluster  interaction  with  a  competing 
intercluster  interaction.  Such  a  competition  could  give  rise  to  a  spin-glass-like  behavior. 


I.  INTRODUCTION 

To  obtain  an  amorphous  binary  alloy  by  the  melt¬ 
quenching  technique,  either  the  constituents  of  the  alloy 
should  have  a  considerable  difference  in  atomic  sizes  (usu¬ 
ally  larger  than  15%)  or  some  metalloid  elements  must  be 
included.  Therefore  binary  alloy  systems  composed  of  con¬ 
stituents  with  similar  atomic  radii  are  considered  to  be  diffi¬ 
cult  for  amorphization.  Recently,  we  have  succeeded  in  ob¬ 
taining  amorphous  Fe-Cr  alloys  through  mechanical 
milling'  and  thermal  evaporation.^ 

The  magnetism  of  the  crystalline  Cr-Fe  alloys  and  Fe- 
Cr-M  amorphous  state  stabilized  by  the  addition  of  some 
amount  of  metalloid  metal  M  have  been  a  subject  of  inten¬ 
sive  study  in  the  past  decades.^"*  Differing  from  the  crystal¬ 
line  alloys,  the  Curie  temperature,  and  the  magnetic  moment 
of  the  glassy  Fcioo-xCr^My  alloys  have  been  found  to  fall 
much  more  rapidly  with  increasing  x.  The  magnetic  order 
disappears  around  a: =30. 

It  would  be  interesting  to  know  if  the  amorphous  Cr-Fe 
alloys  maintain  the  same  magnetic  properties  as  the  Cr- 
Fe-M  amorphous  alloys  and  how  the  magnetism  behaves.  In 
this  work,  the  magnetic  behaviors  of  the  Cr-Fe  amorphous 
state  are  investigated  through  the  analyses  of  the  Mossbauer 
spectra,  the  ac  susceptibility,  and  the  magnetization  measure¬ 
ments. 

II.  EXPERIMENTAL  DETAjLS 

Crioo-xFCjr  films  were  prepared  by  thermal  coevapora¬ 
tion  from  pure  Cr  and  Fe  metals,  deposited  onto  kapton  sub¬ 
strates  held  at  room  temperature  (RT).  During  the  deposi¬ 
tions,  the  vacuum  was  about  3X10"’  Torr.  A  quartz  crystal 
oscillator  was  used  to  control  the  deposition  rate,  which  was 
about  25  A  min  for  all  the  films  and  also  to  monitor  the 
compositions,  which  were  conformed  by  energy  dispersive 
analysis  (EDS).  All  the  films  have  a  thickness  of  about  3000 
A.  The  x-ray  diffraction  (XRD)  patterns  of  the  obtained  films 
show  a  prominent  amorphous  phase  in  the  range  25<Ar<60, 
and  a  BCC  phase  appears  out  of  this  range. 

The  mechanically  milled  powder  was  obtained  through 
ball  milling  of  Cr72Fe28  solid  solution  at  RT  performed  in  a 
vibrating  frame  using  a  hardened  steel  vial  and  16  balls,  5 


with  a  diameter  of  1.5  cm  and  11  with  a  diameter  of  1  cm. 
During  the  milling  process,  the  sample  was  sealed  in  a  vial 
filled  with  argon  gas.  The  XRD  patterns  indicate  a  formation 
of  an  amorphous  phase  after  200  hs  milling.  The  composi¬ 
tions  analysis  by  EDS  for  the  powder  milled  for  200  hs 
shows  an  increase  of  Fe  concentration  from  28%  to  35%,  and 
little  amount  of  Ni  (less  than  0.4%),  which  was  due  to  the 
contamination  from  the  milling  tools. 

The  Mossbauer  effect  was  measured  at  4.2  K  for  all  the 
samples,  using  a  ^’Co  source  in  the  Rh  matrix,  ac  suscepti¬ 
bility  was  measured  in  a  cryostat  by  a  mutual  inductance 
method  operating  at  128  Hz.  The  magnetization  measure¬ 
ments  were  performed  by  a  vibration  sample  magnetometer. 

III.  RESULTS  AND  DISCUSSION 

Figures  1(a)  and  1(b),  respectively,  show  the  RT  and  4.2 
K  Mossbauer  spectra  of  the  Cr72Fe28  BCC  bulk  alloy, 
Cr65Fe35  amorphous  powder  and  Cr5oFe5o  amorphous  alloy 
film.  Due  to  the  disordered  struc.ure,  which  leads  a  quadra- 
pole  splitting  distribution,  the  RT  Mossbauer  spectra  of  the 


(0)  (b) 


FIG.  1.  (a)  RT  and  (b)  4.2  K  Mossbauer  spectra  of  Cr72Fc28  crystalline  bulk 
alloy,  CrssFejs  mechanically  milled  amorphous  alloy,  and  Crs^Feso  thermal 
evaporated  amorphous  alloy. 
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FIG.  2.  Magnetization  curve  of  Cr^sFej}  mechanically  milled  amorphous 
alloy  measured,  at  4.2  K. 


two  amorphous  alloys  exhibit  a  broad  absorption  line  and  the 
more  negative  isomer  shifts,  as  compared  with  the  crystalline 
one.  As  the  samples  are  cooled  down  to  4.2' K,  unlike  the 
crystalline  alloy,  the  amorphous  samples  still  maintain  the 
unsplitted  spectra,  although  they  are  more  concentrated  in 
Fe.  Such  behavior  looks  like  Fegs.^^Cr^^Ejs  amorphous  alloys 
with  x>30,  above  which  the  alloys  were  considered  to  be 
paramagnetic.’  However,  one  dose  sees  a  magnetic  broaden¬ 
ing  for  the  film  sample  by  comparing  the  4.2  spectrum  with 
the  RT  one.  For  the  amorphous  powder,  on  the  other  hand, 
the  spectrum  broadening  is  not  as  pronounced  rs  that  of  the 
film,  therefore,  the  Fe  may  not  have  or  carry  a  very  -.mall 
magnetic  moment.  The  magnetization  curve  measured  at  4.2 
K  in  Fig.  2  for  the  powder,  however,  indeed  shows  a  mag¬ 
netic  order.  Taking  into  account  the  magnitude  of  the  satura¬ 
tion  magnetization  (Fig.  2),  it  may  be  clear  that  the  Cr  in  the 
sample  carries  the  magnetic  moment,  which  cannot  be  de¬ 
tected  by  Mossbauer  spectroscopy. 

The  ac  susceptibilities  and  MXk  [Figs.  3(a)  and  3(b)] 
exhibit  an  interesting  magnetic  feature.  Differing  from 
Cr-Fe  BCC  crystalline  samples,  the  results  for  both  of  the 
amorphous  alloys  indicate  the  absence  of  a  long  range  ferro¬ 
magnetic  ordering.  The  results  show  a  Curie-Weiss  para¬ 
magnetic  behavior  above  about  r=100  K  for  an  amorphous 
Cr^sFegs  powder  alloy  and  230  K  for  a  CrsoFegg  film  alloy 
[the  arrows  in  Fig.  3(b)],  with  positive  Curie-Weiss  tempera¬ 
tures.  Below  these  temperatures,  a  competing  interaction  be¬ 
tween  ferromagnetism  and  antiferromagnetism  is  suggested 
by  the  maximums  [Fig.  3(a)].  The  temperature  at  which 
dx'JffT  reaches  the  maximum  is  found  to  be  1=  33  K  for  the 
powder  and  50  K  for  the  film  [the  arrows  in  Fig.  3(a)],  which 
coincide  with  the  maximum  values  of  Vac . 

The  above  magnetic  behavior  may  be  related  to  the  fea¬ 
ture  that  is  similar  to  the  systems  where  the  magnetic  prop¬ 
erties  are  dominated  by  finite  cluster  effects.  The  ferromag¬ 
netic  intracluster  ordering  occurs  at  higher  temperature, 
while  the  competing  intercluster  interaction  leads  to  a  spin- 
glass-like  behavior,  and  the  clusters  are  frozen  at  the  tem¬ 
peratures  (defined  as  the  maximum  of  dxU^)  of  33  K  for 
the  powder  and  50  K  for  the  film. 

The  temperature  dependence  of  magnetization  for 
Cr35Fe55  amorphous  powder  was  measured  with  an  applied 


FIG.  3.  (a)  ac  susceptibilities,  x'>  of  CissFess  mechanically  milled  amor¬ 
phous  powder  and  Cr5oFe}o  thermal  evaporated  amorphous  film  and  (b)  the 
l/x'  curves  for  these  two  samples. 


field  of  100  G,  as  shown  in  Fig.  4.  By  comparing  with  the 
result  of  ac  susceptibility,  the  maximum  on  the  zero  field 
cooled  (ZFC)  curve  can  be  related  to  the  cluster  freezing. 
Since  the  ZFC  curve  (in  Fig.  4)  can  be  taken  as  a  zero  fre¬ 
quency  susceptibility,  one  expects  a  lower  blocking  tempera¬ 
ture  than  that  obtained  by  ac  susceptibility,  which  can  be 
seen  by  comparing  the  two  corresponding  curves.  Figure  4 
also  shows  that  the  field  cooled  (FC)  magnetization  curve 
deviates  from  the  ZFC  values,  even  above  the  maximum  of 
the  ZFC  curve.  This  may  be  explained  by  a  distribution  of 
cluster  size,  which  may,  in  turn,  lead  to  distribution  of  block¬ 
ing  temperature.  The  maximum  on  the  ZFC  curve  may  be 
related  to  the  most  probable  blocking  temperature. 

The  cluster-like  magnetic  character  for  both  of  the  amor¬ 
phous  materials  may  be  associated  with  the  formation  of 
finite  size  granular  structure  in  our  specimens.  In  an  earlier 
work,  we  observed  a  cluster-like  behavior  by  using  Moss- 
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FIG.  4.  Temperature  dependence  of  zero  field  cooled  (ZFC)  and  field  cooled 
(FC)  magdetization  with  applied  field  of  100  G  for  Cr6sFe3j  mechanically 
milled  amorphous  powder. 


bauer  spectroscopy  and  ac  susceptibility  on  Fe-Ag  and 
Fe-Au  film  alloys  prepared  by  the  same  evaporator,  and  the 
results  suggested  that  the  formation  of  the  clusters  is  due  to 
the  inhomogeneity  in  atomic  density  in  the  films  rather  than 
the  inhomogeneity  In  composition.’’*®  Therefore,  a  similar 
structural  character  may  also  be  present  in  the  studied  Cr-Fe 
films.  The  x-ray  diffraction  patterns  of  these  films  indeed 
showed  a  broad  diffiracted  linewidth,  even  for  the  films  with 
crystalline  structure,^  which  indicates  the  formation  of  small 
size  particles.  The  Mossbauer  spectrum  of  the  film  shown  in 
Fig.  1  ruled  out  the  possibility  of  the  formation  of  Fe-rich 
and  Cr-rich  two-phase,  a- a'.  While  for  the  powder,  the  me¬ 
chanical  milling  leads  to  a  continuous  reduction  of  particle 
size,  and  a  granular  system  is  finally  formed.  Because  of  the 
finite  size  of  the  granular  system,  the  spin  correlation  length 
is  strictly  limited  by  the  size  of  these  granules,  and  therefore 
long  range  ferromagnetic  ordering  cannot  be  sustained,  even 
in  the  samples  with  iiigh  Fe  concentration. 

The  above  results  reveal  a  dissimilar  behavior  in  magne¬ 
tism  between  Fe-Cr-M  and  the  present  Fe-Cr  amorphous 
alloys.  For  example,  in  Feioo.;tCr^Bi5  amorphous,  the  alloys 
became  nonmagnetic  when  x>30,  while  in  t!  t:.';-:ent 
work,  one  sees  that  the  Cr-Fe  amorphous  mateiials  exhibit 
magnetic  order,  even  for  the  samples  with  high  Cr  concen¬ 
tration.  Since  the  metalloid  element,  boron,  plays  no  crucial 


part  in  destroying  the  Fe  moment,**  we  are  forced  to  con¬ 
clude  that  the  difference  in  microstructure  between  the 
present  Cr-Fe  and  the  melt-spun  Fe-Cr-B  amorphous  al¬ 
loys  may  lead  to  different  magnetism.  This  may  be  attributed 
to  the  more  loose-packed  structure  in  the  present  amorphous 
samples*^  as  compared  with  metallic  glass  obtained  by  melt 
spinning. 

In  conclusion,  the  magnetic  properties  have  been  studied 
on  the  amorphous  Cr-Fe  film  and  powder  alloys  obtained  by 
thermal  evaporation  and  mechanical  milling,  respectively. 
The  amoiphization  dramatically  reduces  the  local  Fe  mag¬ 
netic  moment  in  the  alloys.  Differing  from  the  metalloid  con¬ 
tained  Cr-Fe  amorphous  alloys,  the  studied  amorphous  ma¬ 
terials  show  magnetic  orders,  even  in  the  samples  with 
higher  Cr  concentration.  Both  of  the  film  and  powder  amor¬ 
phous  alloys  exhibit  a  cluster-type  magnetic  behavior,  which 
can  be  attributed  to  the  granular  structure  of  the  materials. 
The  magnetic  interaction  can  be  described  by  spin-glass-type 
intercluster  interaction  with  a  dominated  ferromagnetic  intra¬ 
cluster  interaction. 
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Magnetostriction  in  RE-Go  amorphous  aiioy  fiims  (abstract) 

Uchlyama,  S.  Yoshino.H.  Takahashi,  K.  Tomi-ita,  T.  Mori,  A.  Itakura,  S.  Iwata, 
and  Si  Tsunashima 

School  of  Engineering,  Nagoya  University,  Nagoya  464-01,  Japan 

Rare  earth-transition  metal  (RE-TM)  amorphous  films  have  been  used  as  magneto-optical  recording 
media.  One  of  the  most  important  propehies  is  the  pei^ndicular  magnetic  anisotropy,  the  main 
origin  of  which  is  explained  by  one  ion  anisotropy  of  rare  earth  ion.  However,  it  is  also  noted  that 
the  anisotropy  contribution  due  to  the  magnetostriction  depends  in  a  very  similar  manner  on  the  RE 
species  as  in  the  case  of  the  main  anisotropy.  Ibus  it  was  suggested  that  the  main  origin  oi  the 
magnetostriction  might  be  the  one  iofi  anisotropy  of  RE.^  The  present  work  reports  the  saturation 
magnetostriction  constant  X,  of  various  RE-Co  amorphous  aUoy  films  with  RE=Y,  La,  Ce,  Pr,  Nd, 
Sm,  Gd,  Tb,  Dy,  Ho^  Er  in  the  range  of  RE  concentration  of  0%-40%.  In  most  cases,  increases 
vrith  RE  concentration,  then  decreases  after  showing  a  peak  and  disappears  altogether  with 
ferromagnetism.  For.an  RE  species  with  a  small  one  ion  anisotropy,  X^.is  sm^I  with  a  value  of  less 
than  2X10”®,  and  is  found  to  be  contributed  primarily  from  Co.  For  RE  with  larger  one  ion 
anisotropy,  namely  for  RE=Sm,  Pr,  Tb,  and  Dy,  X,  has  values  of  the  order  of  10”^  and  is  estimated 
to  be  contributed  mainly  from  RE  one  ion  anisotropy. 
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A  model  for  the  Barkhausen  noise  power  as  a  function  of  applied  field 
and  stress  (abstract) 

M.  J.  Sabllk 

Southwest  Research  Institute,  P.  O.  Drawer  28510,  San  Antonio,  Texas  78228-0510 

The  model  of  Alessandro  etal}  is  used  to  derive  the  Barkhausen  noise  power  in  terms  of 
permeability  (i,  which  is  really  the  irreversible  permeability,  since  the  Barkhausen  noise  is  produced 
by  the  ineversible  motion  of  domain  walls.  F:om  the  model  expression,  it  is  shown  that  the  peak  in 
the  Barkhausen  noise  power  as  a  function  of  applied  field  coincides  with  the  peak  in  the  irreversible 
permeability.  From  the  magnetoraechanical  hysteresis  modcl,^  an  expression  for  the  irreversible 
permeability  is  found  and  shown  to  peak  at  a  higher  magnetic  field  than  the  total  permeability.  Using 
the  magnetomechanical  hysteresis  model  and  the  derived  expression  from  the  Alessandro  model,  the 
Barkhausen  noise  power  peak  value  is  computed  and  found  to  increase  almost  linearly  from 
negative  (compressive)  to  positive  (tensile)  stress,  with  slightly  decreased  slope  at  high  positive  and 
negative  values  of  stress,  in  agreement  with  trends  in  experimental  observations.®’'*  Dependence  of 
the  Barkhausen  noise  power  on  H,  the  time  rate  of  increase  in  the  linearly  increasing  ramp  function 
used  for/f,  is  also  investigated  and  found  to  increase  moderately  sharply  for  intermediate  ranges  of 
H  and  to  saturate  at  larger  H. 
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Recording  Head  and  %^tem  McKlelihg 

and  Phenomena  .  P,  Thayamballi,  Chairman 

The  effects  of  closure  dbmains  on  iflux  conduction  in  thin  film 
recording  head 

Zhenzhou; Guo  and  Edward-Della  Torre 

Institute  for  Magnates  R^earch,  George  Washington  University,  Washington,  DC  20052 

The  maghetic'fiux  corductivity^in  the  tip  of  a  recording  head  was  examined  for  various  applied  field 
and  closure  domain  configurations  using  a  two-dimensional-  micromagnetic  model  developed  to 
obtain  the- domaiti  patterns  in'soft  mapetic  thin  films.  Apermalloy  thin  filth  sample  was  selected  to 
simulate  a  monopble  head  configuration,  and  an  external  field  was  applied  to  various  closure  domain 
ground  states’lhat  'had  zero  net  remanence ‘magnetization.  It  was  found  that  for  small  fields  the 
magnetization  process  is  linear  and  reversible,  and  both  the  susceptibility  and  the  effective  track 
width  increase  as  the  size  of  the  closure  domains  is  reduced;  For  large  fields,  however,  the  variation 
of  the  flux  conduction  is  much  less  sensitive  to  the  size  of  the  zero-field  closure  domains,  since  the 
sample  is  nearly  saturated.  Small  jumps  were  observed  in  the  magnetization  curves  corresponding 
to  the  domain  wall  nucleation  and  annihilation,  which  can  be  a  source  of  head  noise.  It  was  also 
observed  that  the  effective  center  of  magnetic  pole  shifts  with  increasing  field. 

The  magnetization  of  a  thin  film  of  permalloy  with  an  patterns  behave  in  the  recording  process.  In  the  past,  domain 

in-plane  magnetic  easy  axis  generally  has  90°  domain  walls.  level  calculations  have  analyzed  both  the  domain  rotation 

Such  a  patterned  structure  is  widely  used  in  thin  film  record-  and  the  wall-displacement  modes  of  magnetic  response.*’^ 

ing  heads.  Magnetic  flux  along  the  hard  axis  is  conducted  by  Using  our  two-dimensional  micromagnetic  model^  that  ob- 

both  magnetization  rotations  and  domain  wall  motions.  This  tains  the  domain  patterns  in  thin  films,  this  paper  attempts  to 

wall  motion  besides  being  slow,  and  a  source  of  noise  due  to  address  these  questions. 

Barkhausen  jumps,  destroys  the  symmetry  of  the  ground  In  this  paper,  using  this  micromagnetic  model,  we 
state  and  intrpducjes  a  unidirectional,  shift  that  is  a  source  of  tracked  the  magnetisation  and  domain  wall  motion  for  vari- 

overwrite  problems  in  high-density  .ecording  head  system  ous  applied  fields  and  for  various  ground-state  configurations 

which  has  relatively  larger  side  domains.  In  other  words,  to  observe  their  influence  on  the  magnetic  flux.  It  was  seen 

when  one  is  trying  to  magnetize  the  media,  the  center  of  the  that  the  expansion  and  contraction  of  the  oppositely  directed 

flux  shifts  one  direction  when  one  is  trying  to  magnetize  the  closure  domains  destroys  the  symmetry  of  the  ground  state 

medium  in  one  direction,  and  in  the  other  direction  when  one  and  thus  application  of  a  field  shifts  the  magnetic  center  of 

is  trying  to  magnetize  it  the  other  way.  In  order  to  reduce  the  flux  from  the  physical  center  of  the  head.  For  high- 

these  effects,  it  is  necessary  to  understand  how  the  domain  density  recording  this  could  cause  serious  overwrite  prob- 


FIG.  1.  The  7-domain  ground  sta’.e  of  a  4  /imX4  /unXlOO  A  permalloy  FIG.  2.  The  13-domain  ground  state.  The  side  domains  become  relatively 
film.  smaller  comparing  with  the  7-domain  ground  state. 
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FIG.  3.  Near-saturation  state. 


FIG.  5.  Cbrresponding  domain  pattern  when  1200-A/m  magnetic  field  is 
applied  to  the  7-domain  state  along  the  vertical  direction. 


lems,  since  the  tracks  are  narrow  and  the  shift  is  unidirec¬ 
tional.- 

A  laminated  head  structure  with  hollow  cross  section  has 
been  suggested  as  a  means  of  eliminating  the  closure 
domain.'*  In  that  case,  the  magnetization  flux  can  close  itself 
around  the  hollow  canter  so  that  no  free  poles  exist.  Such  a 
structure  would  then  have  no  domain  walls  and  magnetic 
flux  conduction  ,  occurs  entirely  through  magnetization  rota¬ 
tion.  Since  unlaminated  heads  are  easier  to  fabricate  they 
continue  to  dominate  the  market.  The  use  of  a  single-layer 
head  whose  sides  are  serrated  has  been  suggested  as  a  means 
of  reducing  this  problem  in  an  unlaminated  head.  It  will  be 
shown  that  this  new  geometry  does  reduce  the  effects  of 
closure  domains.  The  track  shifting  problem  is  also  reduced 
and  the  available  flux  is  less  dependent  upon  the  ground-state 
domain  configuration. 

A  square  piece  of  permalloy  thin  film  with  4  ^mXs 
/umXlO  nm  dimensions  is  selected  to  simulate  the  head  tip. 
The  geometry  chosen  is  corresponding  to  the  high-density 
recording  head  that  is  being  considered  for  heads  to  reach 
densities  of  lO’  bits/in.^  This  head  is  discretized  into  an 
anay  of  40X40  square  elements  with  the  following  param¬ 
eters;  the  saturation  magnetization  is  800  kA/m,  the  uniaxial 
anisotropy  constant  is  160  J/m^  with  its  easy  axis  along  the 


transverse  direction,  and  the  exchange  constant  is  10  pj/m. 
TTie  termination  criterion  for  the  program  is  -set  at  a  maxi¬ 
mum  rotation  in  all  elements  of  less  than  0.01°. 

TNvo  ground  slates  are  considered  as  shown  in  Fig.  1,  a 
seven-domain  state,  and  Fig.  2,  a  13-domain  state.  Both  pat¬ 
terns  are  equilibrium  states  relaxed  ftcr.v  different  initial 
guess.^  The  seven-domain  state  has  larger  clo.-ure  domains 
and  narrower  transverse  domains  than  the  13-domain  state. 
External  fields  are  then  applied  to  both  pattern  in  increments 
of  250  A/m.  The  samples  respond  with  both  magnetization 
rotation  and  domain  wall  motion.  With  external  field  of  3500 
A/m,  they  both  approach  the  same  near-saturation  state 
shown  in  Fig.  3.  It  is  seen  that  the  top  and  bottom  of  the 
sample  are  still  not  saturated  due  to  the  demagnetizing  field 
even  when  the  external  field  is  as  much  as  an  order  of  mag¬ 
nitude  larger  than  the  anisotropy  field.  The  components  of 
the  magnetization  along  the  external  field  are  integrated 
throughoui  :h?  sample  to  obtain  the  average  susceptibility  for 
each  field.  In  Fig.  4,  it  is  shown  that  for  small  fields,  even 
though  the  magnetizing  process  is  linear  and  reversible,  the 
13-domain  state  will  have  more  flux  than  7-domain  state  due 
to  the  latter’s  larger  closure  domains.  As  the  fields  become 


FIG  6.  .Magnetic  pole  shift  under  external  field. 
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FIG.  7.  Head  tip  with  serrated  sides. 


larger,  when  the  domain  walls  disappear  only  some  local 
magnetization  variations  exist,  which  eventuaUy  go  to  zero. 
Certain  jumps  in  the  curve  occurred  at  the  moment  when 
some  closure  domain  walls  were  annihilated. 

When  domain  wall  motion  is  responsible  for  the  change 
in  the  magnetization  of  the  head,  the  field  of  the  head  causes 
one  closure  domain  to  grow  at  the  expense  of  the  other,  as 
shown  in  Fig.  5.  This  causes  a  deviation  in  the  flux  stream 
from  the  center  of  the  head.  The  deviation  of  the  average 
position  of  the  flux  can  be  calculated  as  follows: 

5x=J  x\My\dx  j j  (Afj,|dx,  (1) 

The  integration  is  carried  out  along  the  bottom  edge  of  the 
sample.  Aplot  of  Sx  as  a  function  of  Nq  is  given  in  Fig.  6  for 
the  two  domain  patterns.  As  the  field  increases,  the  shift 
increases,  reaches  a  maximum,  and  then  decreases  as  the 
sample  saturates.  With  the  applied  field  at  800  A/m,  the  shift 
for  the  seven-domain  state  gets  the  maximum  of  30%.  Al¬ 
though  there  is  no  flux  shift  for  a  saturated  head,  it  is  unde¬ 
sirable  to  record  at  this  point  since,  among  other  things,  the 
effective  gap  length  increases  at  saturation.  Thus  even  at 
75%  saturation  state  (i.e.,  for  a  field  of  about  2500  A/m),  this 


FIG.  9.  Pole  shift  for  samples  with  smoothed  and  serrated  sides. 

shift  can  still  be  as  large  as  15%.  During  the  read  process  the 
fields  involved  are  rather  small,  so  this  effect  may  be  negli¬ 
gible  in  some  cases. 

The  13-domain  state  always  has  smaller  deviations  than 
the  7-domain  state.  Thus  when  one  is  trying  to  magnetize  the 
media  in  one  direction,  the  track  effectively  moves  one  di¬ 
rection,  and  in  the  opposite  direction  as  the  magnetization  is 
reversed.  This  effect  depends  upon  the  magnetization  history 
of  the  sample. 

To  try  to  reduce  this  effect,  a  head  with  serrated  sides 
was  analyzed,  as  shown  in  Fig.  7  in  the  ground  state.  This 
new  geometry  effectively  reduces  the  closure  domain  due  to 
the  boundary  restrictions.  Figures  8  and  9,  illustrate  the  flux 
conductivity  and  pole  shift,  respectively,  with  that  for  a  head 
with  smooth  sides.  It  is  seen  that  the  flux  conduction  is  dra¬ 
matically  increased  for  the  new  geometry  in  the  linear  re¬ 
gion.  The  M-ff  curve  for  serrated  head  is  also  smoother.  The 
pole  shift  is  also  reduced,  but  not  as  significantly  as  the  flux. 
The  asymmetry  still  exists.  Overall,  we  expect  that  the  ser¬ 
rated  head  will  have  a  slightly  better  performance.  Although 
a  laminated  head  should  be  superior  from  these  points  of 
view,  from  manufacturing  point  of  view,  this  serration  is 
easier  to  make.  Thus  this  could  be  a  compromise  solution. 
Besides  the  shape  effects,  there  are  other  ways  to  stabilize 
the  domains  such  as  using  the  inclusions  to  pin  the  domain 
walls.®  However,  these  aspects  are  beyond  the  goal  of  this 
paper. 
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improved  error  rate  models  require  better  understanding  of  noise  distributions  and  correlations  in 
magnetization  reversals.  An  analytical  model  is  described  for  micromagnetic  transition  noise. 
Magnetic  charge  conservation  is  the  basis  for  the  model.  The  noise  distribution  is  shown  to  be 
dependent  primarily  on  the  average  transition  shape.  While  magnetic  charge  variance  is  always 
peaked  at  tht.  center  of  the  transition,  readback  voltage  noise  may  peak  at  the  center  for  arctangent 
transitions  or  may  show  leading  and  trailing  edge  peaks  for  hyperbolic  tangent  or  error-function 
transitions.  Moreover,  noise  in  the  voltage  derivative  shows  yet  different  distributions.  Principal 
noise  eigenfunction  modes  are  determined  for  the  contrasting  transition  shapes  studied.  Analytical 
and  full  micromagnetic  modeling  results  are  compared. 


I.  NOISE  MODEL 


p{x)  =  {pix,y,z)}/2Mr= {p{x))l2M  r , 


Noise  associated  with  thin-film  magnetic  recording  me¬ 
dia  is  concentrated  in  the  written  magnetic  transitions.  Error- 
rate  modeling  often  treats  all  noise  as  additive,  Gaussian, 
white,  and  stationary.  Transition  noise  does  not  fit  this  pic¬ 
ture  and  one  desires  better  characterization  of  spatial  noise 
distributions  and  correlations.  Bertram  and  Che  presented  an 
analytical  model  for  noise  correlation  in  a  longitudinally  ori¬ 
ented  medium.'  Here  we  present  a  similar  model  which  is 
based  on  magnetic  charge  distribution  and  conservation  of 
charge  in  a  magnetization  reversal.  This  formulation  need  not 
assume  a  specific  orientation  of  the  medium. 

The  readback  voltage  for  an  inductive  head  is 

fd+ii  rwn 

dx'l  dy'\  dz'  hj^x' ,y') 

Jj  j-wn 

X[-V.M(;r'-;c,y',z')],  (1) 

where  /i=Nev/ro>  <he  product  of  the  number  of  turns  on  the 
head,  its  efficiency,  the  disk/head  relative  velocity,  and  free 
space  permeability.  M  is  the  vector  magnetization  pattern 
written  on  the  disk  and  is  the  longitudinal  component  of 
head  read  sensitivity.  Although  this  derivation  assumes  in¬ 
ductive  readback,  analogous  equations  and  similar  results 
could  be  written  for  a  magnetoresistive  read  head.  The  nega¬ 
tive  divergence  of  M  is  the  magnetic  charge  density, 
p(x,y,z).  W  is  the  track  width,  d  the  head-to-medium  spac¬ 
ing,  and  S  the  recording  film  thickness.  Track  edge  effects 
are  ignored  and  therefore  is  assumed  to  be  independent  of 
transverse  position  z.  The  charge  density  can  include  full 
three-dimensional  divergence  M  effects.  We  only  assume 
that  for  an  isolated  transition  in  “saturation”  recording  the 
integral  of  p  over  all  x  is  2Af,.,  twice  the  longitudinal  rem¬ 
anent  magnetization.  Noise  between  tra^isitions  caused  by 
magnetization  ripple  (nonsaturation)  is  neglected.  Thus  the 
charge  associated  with  a  transition  is  constant.  Media  noise 
redistributes  the  charge  in  a  transition,  but  total  charge  is 
conserved.  Within  a  transition,  average  charge  is  distributed 
according  to  a  probability  density  function^ 


where  (•••)  denotes  an  ensemble  average.  The  integral  of 
p{x)  from  -00  to  <»  is  unity. 

Building  on  Eq.  (1),  the  voltage  noise  may  be  expressed 
in  terms  of  [p(x,y,z)-(p(x))]  as  in 

f*  fd+i  cwn 

e„{x)=K\  dx'l  dy'l  dz'  h^{x',y') 
j-oo  Jd  J-W/2 

X[p{x'-x,y',z')-{p{x'~x))].  (2) 

To  simplify  we  assume  that  the  media  film  is  thin  and  that 
magnetization  and  magnetic  charge  density  are  uniform 
throughout  its  thickness.  The  integration  over  y'  is  effec¬ 
tively  replaced  by  S,  the  media  thickness,  and  hx{x',y')  is 
evaluated  at  an  effective  y  spacing  df,  h,i(x',df).  The  auto¬ 
covariance  of  the  noise  voltage  is  defined  by 
»c{Xa  ,Xb)  =  e„{xa)e„{xi,)  and  is  written  out  in 

fa  fW/2 

ac{xa,Xb)=K^S^\  dx'l  dz'  h,,{x' ,df)[p{x' -x„,z') 

j-a  J-WI2 

fa  flV/2 

-(p(;c'-^«))]  dx"l  dz"K{x",df) 

J-a  J-wn 

X[p{x"-Xb,z")-{pix"-Xb))].  (3) 

Because  the  terms  in  square  brackets  represent  noise,  the  two 
integrations  over  the  transverse  position  parameter  z',z"  are 
replaced  by  the  factors  W  and  ,  where  is  the  trans¬ 
verse  noise  correlation  width.^  The  result  is 


ac{Xa,Xb)=K'^S^WWcj  dx'  h^ix' ,df)[p{x' -Xg) 


-(p(a:'-xJ)]J  Jx"  h,c(x",df) 

X[pix"-Xb)-{p{x"-Xbm.  (4) 

Note:  p(x'-x„)  and  p(x"-Xb)  are  values  averaged  over 
track  width  on  a  particular  transition,  not  ensemble  averages. 
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Charge  arnsemtidn  -iiiip^lij^.'ihat  ndse  may.  be  intro¬ 
duced  by  adding  excess  positive  and  negative  charges  (in 
equal  numbers)  to  the  ensemble  average  charge  distribution, 
provided  the  variance  of  these  excess  charges,  at  any  value 
of  X,  is  the  same  as  the  population  variance  at  the  same  point. 
The  excess  positive  and  negative  charges  individually  must 
be  distributed  according  to  the  same  probability  density 
function  p(x)  as  the  ensemble  average.  This  is  like  ping- 
pong  balls  dropped  into  bins'  to  fonn  a  distribution.  Even  if 
some  balls  are  colored  green  (+)  and  some  red  (-),  they 
follow  the  same  distribution  statistics,  b  ”.  carry  different  la¬ 
bels.  Zero-sum  excess  charge  me>i'  ..:e  independent  noise 
sources^  are  dipoles,  correlated  pairs  of  charges. 

We  can  evaluate  the  voltage  noise  autocbvariance  for  a 
single  dipole  pair  of  charges  of  stren^h  q  with  charges  lo¬ 
cated  at  generalized  locations  Xj  and  .<2.  For  accounting  con¬ 
venience  we  assume  the  positive  pole  is  located  at  the 
smaller  of  Xj  and  X2,  and  the  negative  pole  at  the  larger 
value.  The  opposite  convention  could  as  well  be  used,  but 
not  both  simultaneously,  because  a  positive  and  negative  di¬ 
pole  with  identical  Xi,X2  values  are  correlated  and  therefore 
cancel.  Thus,  the  single  noise  dipole  is  given  by 
q[5(x-X])-5(je-JC2)]  for  Xi<X2,  and  q[S(x-X2) 
-^(x-xi)]  for  X2<a;i.  S(x)  is  a  Dirac  delta  function. 
When  these  charge  dipoles  are  substituted  for  the  square- 
bracketed  terms  in  Eq.  (4),  the  dipole  response  is 


,  ac(x„  ,Xb  ,Xi  ,X2) =K^S^WWcq\h^ixi +x„  ,df) 

-h^{x2+x„  ,df)][K{xi  +Xb  ,df) 
-K{x2+Xb,df)]  forxi<X2, 

(5) 

ac(x„  ,Xb  ,xi  ,X2) =K^S'^WWcq^[h^(x2+Xa  ,df) 

-Kixi +x^  ,df)']\h^{x2+Xb  ,df) 
-h^{xi-\-Xb,df)]  forx2<Xi. 

The  ensemble  average  charge  in  any  incremental  region 
Ax  is  {2Mr)p{x)^x.  The  variance  is  (q^iVj-)p(x)Ax,  where 
the  total  charge  is  composed  of  Nj  incremental  charge  units 
q=2MrlNj,  distributed  according  to  p{x).  The  total  num¬ 
ber  of  excess  (noise)  positive  charges  equals  the  number  of 
excess  negative  charges,  Nq.  The  average  of  the  excess 
charge  is  zero,  but  the  variance  is  the  sum  of  variances  of 
excess  positive  and  negative  charges,  i.e.,  2q^Nqp(x)Ax. 
Therefore,  Nq=Njl2,  and  Nqq=Mr .  The  total  voltage  noise 
autocovariance  is  obtained  by  multiplying  Eq.  (5)  by 
N\p(x{)dxx  p{x2)dx2  and  integrating  over  all  Xj  and  X2. 
The  final  result  is  given  in  Eq.  (6),  which  is  equivalent  to  the 
Bertram  and  Che  expression,*  but  simpler  because  of  the 
charge  conservation  formulation; 


J 


ac(Xa,Xfc) 

WWwwJi] 


where 


j  jdx'[-m'(x')]hx{x'+Xa ,df)hx(.x '  +Xb ,df) 

dx'[-m'ix')]hx{x'+xa)r  dx"[-m'{x")]hx(x"+xb) 

J  —00  J  —00 


[  -  m  '(x)]  =  -  (lIM^dMIdx)  =  (p(x))/A/,= 2p(x). 


(6) 


Equation  (6)  represents  the  autocovariance  of  noise  in 
the  readback  voltage.  This  is  the  form  of  interest  for 
sampled-voltage  detection.  For  peak  detection,  the  readback 
voltage  is  differentiated  and  fed  into  a  zero-crossing  detector. 
In  this  case,  the  autocovariance  of  noise  in  the  derivative  of 
the  readback  voltage  is  of  interest,  and  may  be  calculated  by 
replacing  the  h{x,df)  functions  in  Eq.  (6)  by  their  deriva¬ 
tives  h'(x,df).  When  x=Xa=Xj  Eq.  (6)  is  simply  the  volt¬ 
age  noise  variance  distribution. 


II.  RESULTS  AND  DISCUSSION 

We  assume  the  same  set  of  conditions  used  in  Bertram 
and  Che,*  namely  [-m(x)]=tanh(2x/'7r<j),  a-\.5df,  and 
df=g/2,  g/4,  and  g/8.  An  inductive  readback  head  (Karl- 
qvist  form),  with  gap  length  g,  was  assumed.  The  resulting 
voltage  variance  distribution,  normalized  by  the  factor 
(NEvuqM rSI g)^WWc ,  is  shown  in  Fig.  1(a).  Apart  from  an 
apparent  difference  in  normalizing  constant,  the  noise  distri¬ 


bution  is  identical  to  that  shown  in  Ref.  1.  Notably,  the  volt¬ 
age  variance  peaks  just  to  either  side' of  the  transition  center. 
However,  assuming  the  sr  ne  conditions  except  that 
[-/n(x)]=(2/7r)tan“*(x/a),  which  has  the  same  central 
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FIG.  1.  Voltagt  variance  for  (a)  tanh  and  (b)  arctan  transitions.  Head/media 
spacings  and  longitudinal  position  normalized  by  gap. 
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FIG.  2.  Voltage  variance  and  average  readback  pulses  for  (a)  tanh-Iike  and  FIG.  4.  First  four  noise  voltage  eigenfunction  inodes  corresponding  to  con- 

(b)  arctan-likc  transitions.  Longitudinal  position  jc  is  normalized  by  crystal-  ditions  of  Fig.  1,  with  d-glA.  Percent  contributions  are  indicated, 

lite  diameter £).  g=12Z),  S^D. 


slope  as  the  tanh  form,  Fig.  1(b)  gives  a  quite  different  volt¬ 
age  noise  variance  distribution.  For  an  arctangent  transition, 
the  side  noise  peaks  do  not  occur  except  at  the  very  closest 
head/media  spacing:  Figure  1  indicates  that  the  presence  or 
absence  of  side  noise  peaks  is  due  mainly  to  the  functional 
shape  of  the  magnetization  transition,  not  the  derivative  of 
the  head  sensitivity  function.* 

To  verify  this  analytical  result,  the  readback  voltage 
noise  variance  was  computeo  f^r  two  magnetization  transi¬ 
tions  simulated  by  micromagneiic  modeling.'*  One  of  these 
showed  a  more  arctangentlike  behavior  while  the  other  a 
more  hyperbolic  tangent  form  (error-function  forms  behave 
much  like  hyperbolic  tangents).  Figures  2(a)  and  2(b)  show 
the  voltage  noise  variance  of  these  two  micromagnetically 
computed  transitions.  Like  the  analytical  calculation,  we  see 
that  the  tanh-like  transition  shows  noise  peaks  to  either  side 
of  the  transition  center,  while  the  arctan-like  transition  does 
not.  Again,  the  same  head  was  assumed  for  both. 

We  also  used  the  analytical  formulation  to  explore  the 
variance  of  the  readback  voltage  derivative.  Figures  3(a)  and 
3(b)  show  this  variance,  using  the  same  .sei  of  conditions  as 


1ANH  TRANSITION 


ARCTAN  TRANSITION 


FIG.  3.  Voltage  derivative  variance  corresponding  to  Fig.  1  conditions. 


in  Fig.  1.  For  this  type  of  noise,  the  arctangent  transition 
shows  a  greater  tendency  than  the  tanh  transition  to  exhibit 
noise  peaks  on  either  side  of  the  transition  center.  As  is  the 
case  for  the  voltage  variance,  side  peaks  become  visible  or 
prominent  as  head/media  spacing  decreases. 

Equation  (6),  viewed  as  a  square  matrix  with  elements 
AC„„=ac(A:„,A:„),  can  be  diagonalized  to  obtain  the  noise 
eigenfunctions  and  eigenvalues  in  order  of  descending  con¬ 
tribution  using  the  Karhunen-Loeve  theorem  outlined  and 
applied  by  Yuan  and  Bertram.^  The  first  four  eigenfunctions 
and  percent  contribution  to  total  voltage  noise  variance  are 
shown  in  Figs.  4(a)  and  4(b),  for  the  tanh  and  arctan  transi¬ 
tions  treated  above  using  a  =  1 and  df=gl4.  We  see  that 
the  eigenfunctions  are  qualitatively  the  same  for  the  tanh  and 
the  arctan  transitions  (and  this  similarity  remains  true  for  the 
additional,  less-important  eigenfunctions  not  shown  here). 
However,  the  relative  contributions  of  corresponding  eigen- 
modes  are  different  for  the  tanh  and  arctan  transitions.  For 
the  arctan,  the  eigenmodes  occur  in  pairs  of  equal  weight 
modes — one  symmetric  and  one  antisymmetric.  For  the  tanh, 
the  modes  monotonically  decrease  in  weight.  In  both  cases 
the  first  two  modes  resemble  pulse  shifting  (antisymmetric) 
and  a  pulsewidth-amplitude  fluctuation  (symmetric).  While 
not  explicitly  shown  here,  the  noise  at  the  leading  and  trail¬ 
ing  edges  of  a  transition  is  negatively  correlated,  regardless 
of  the  transition  shape  or  whether  the  noise  variance  exhibits 
leading  and  trailing  peaks.  This  is  a  fundamental  result  of 
magnetic  charge  conservation. 


'H.  N.  Bertram  and  X.  Che,  IEEE  Trans.  Magn.  MAG-29,  201  (1993). 
*T.  C.  Amoldussen,  in  Noise  in  Digital  Magnetic  Recording,  edited  by  T.  C. 
Amoldusscn  and  L.  L.  Nunnelley  (World  Scientific,  Singapore,  1992),  p. 
132. 

^L.  L.  Nunnelley,  D.  E.  Heim,  and  T.  C.  Amoldussen,  IEEE  Trans.  Magn. 
MAG.23,  1767  (1987). 

^J.  G.  Zhu,  in  Noise  in  Digital  Magnetic  Recording,  edited  by  T.  C.  Amol¬ 
dussen  and  L.  L.  Nunnelley  (World  Scientific,  Singapore,  1992),  p.  181. 
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The  mean  interaction  field  was  calculated  for  geometiical  arrangements  of  isolated  particles 
representing  a  longitudinally  oriented  Ba-ferrite  and  metal  particulate  medium.  The  effective 
demagnetizing  factor  was  also  calculated  for  a  perpendicular  Co-Cr  recording  medium.  A  positive 
mean  field  was  obtained  for  the  Ba-ferrite  medium  because  the  distance  between  particles  placed  in 
series  to  the  magnetization  direction  is  much  shorter  than  that  between  parallel  particles.  When  the 
orientation  distribution  became  broad,  the  mean  interaction  field  decreased  because  the  location  of 
magnetic  particles  changed.  On  the  other  hand,  a  negative  mean  field  was  obtained  for  the  metal 
particulate  medium.  The  results  suggested  that  a  positive  mean  field  may  act  in  the  perpendicular 
Co-Cr  medium. 


i.  INTRODUCTION 

In  magnetic  recording  media,  the  magnetic  interaction 
between  magnetic  crystalline  particles  influences  the  record¬ 
ing  and  the  reproducing  performances.^’^  Tiie  Henkel  plots 
and  delta  M  plots  are  also  changed  by  the  interparticle  inter¬ 
action.  A  new  medium  model  based  on  magnetization  curling 
and  a  mean-field  interaction  theory^  was  developed  to  ana¬ 
lyze  the  interparticle  interaction.  By  using  a  computer  simu¬ 
lation  of  this  medium  model,  the  relationship  between  the 
Henkel  plot  and  the  mean  field  became  clear.  It  was  also 
shown  that  the  high-density  recording  characteristics  is  influ¬ 
enced  strongly  by  the  mean  interaction  field  in  perpendicular 
magnetic  recording.^ 

In  this  article  we  have  investigated  the  relationship  be¬ 
tween  the  mean  interaction  field  and  both  the  packing  density 
of  crystalline  particles  and  the  particle  orientation  distribu¬ 
tion  in  the  medium. 

11.  INFLUENCE  OF  PACKING  DENSITY 

In  particulate  media  in  which  magnetic  crystalline  grains 
are  segregated,  the  magnetostatic  interaction  is  much  larger 
than  the  exchange  interaction  between  magnetic  particles. 
Therefore,  we  have  investigated  the  magnetostatic  interac¬ 
tion  field  which  is  the  mean  interaction  field. 

We  have  assumed  a  particulate  medium  model  in  which 
rectangular  prismatic  particles  were  arranged  in  a  three- 
dimensional  lattice  shape  with  proper  separations  as  shown 
in  Fig.  1.  To  remove  the  effect  of  the  demagnetizing  field,  the 
particles  were  arranged  so  that  the  arrangement  configuration 
became  a  rectangular  column  whose  aspect  ratio  was  1:10. 
The  magnetization  in  each  pnsmatic  particle  was  replaced  by 
magnetic  charges  at  the  particle  surface  to  calculate  the  mag¬ 
netic  field.  When  all  of  the  magnetizations  were  in  the  easy- 
axis  direction  such  as  the  up  direction,  the  magnetic  field  at 
the  center  particle  of  the  particle  anangement,  that  is  the 
mean  interaction  field,  was  calculated.  The  separation  spaces 
between  particles  were  decreased  to  decrease  the  packing 
density.  The  spaces  were  the  same  in  the  x,  y,  and  z  direc¬ 
tions.  The  total  number  of  particles  was  over  1 000  000. 

Figure  1  shows  the  mean-field  constant  calculated  for 
Ba-ferrite  particulate  media  with  the  various  packing  densi¬ 
ties.  The  mean  field  constant  a  was  obtained  by  dividing  the 


mean  interaction  field  (Oe)  by  A'lrM,  where  M  is  the  mean 
magnetization  (emu/cm^)  of  the  medium.  Here  the  flat  rect¬ 
angular  prisms  with  ^pect  ratio  of  3.5:1  were  used  for  the 
Ba-ferrite  particles.  We  have  obtained  a  positive  mean  field 
and  it  became  larger  as  the  packing  density  increased.  Since 
the  packing  density  of  actual  media  is  about  30%,  the  mean- 
field  constant  is  estimated  at  around  0.43. 

Figure  2  shows  the  mean-field  constant  characteristics 
for  metal  particulate  media.  The  aspect  ratio  was  assumed  at 
1:7  for  the  metal  elongated  particles.  The  mean  field  at  a 
packing  density  of  100%  was  slightly  positive  because  the 
Lorentz  field  never  becomes  negative.  However,  a  negative 
mean  field  was  obtained  when  the  packing  density  was  under 
90%,  and  a  minimum  value  was  observed  at  a  packing  den¬ 
sity  of  around  5%.  This  result  is  because  the  distance  be¬ 
tween  magnetic  particles  placed  in  parallel  to  the  magnetiza¬ 
tion  direction  is  much  shorter  than  that  between  particles  in 
series,  and  so  the  negative  interaction  field  brought  by  par¬ 
ticles  in  parallel  is  stronger  than  the  positive  field  from  par¬ 
ticles  in  series.  The  mean-field  constant  is  estimated  to  be 
around  -0.07  for  the  metal  particulate  medium  when  the 
packing  density  is  about  30%. 

III.  INFLUENCE  OF  ORIENTATION  DISTRIBUTION 

The  Henkel  plots  were  measured  for  longitudinally  ori¬ 
ented  Ba-ferrite  particulate  media  with  various  particle  ori- 


FIG.  1.  Mean-field  constant  vs  the  packing  density  characteristics,  calcu¬ 
lated  for  a  Ba-ferrite  medium  model  composed  of  flat  rectangular  prismatic 
particles. 
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FIG.  2.  Mean-field  constant  vs  the  packing  density  characteristics  for  a 
metal  pahicuiate  medium  with  elongated  particles. 
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entation  distributions.  The  saturation  magnetization  and  the 
coercive  force  were.l45-emu/cih^  and  13(X)  Oe,  respectively. 
If  there  is  no  interaction  between  magnetic  particles,  the 
Henkel  plot  will  become  a  straight  line  from  an.  upper-left- 
hand  comer  to  a  lower-right-hand  comer.  However,  the  mea¬ 
sured  Henkel  iplots  exhibited  a  positive  interaction  as  shown 
in  Fig.  3,  and  it  was  also  suggested  that  the  interparticle 
interaction  became  larger  as  the  squareness  increased. 

If  a  compensating  field  to  cancel  the  interaction  field  is 
applied  in  an  opposite  direction  to  external  field,  the  Henkel 
plot  will  become  straight.  To  estimate  the  mean  interaction 
field  in  these  Ba-ferrite  media,  we  have  measured  many  Hen¬ 
kel  plots  with  applying  various  compensating  fields  which 
are  changed  in  proportion  to  the  mean  magnetization  in  the 
medium.  When  a  proportional  constant  was  adjusted  to  0.12 
for  the  sample  whose  squareness  was  0.8,  the  Henkel  plot 
became  almost  straight  as  shown  by  open  circles  in  Fig.  3. 
Therefore,  the  mean-field  constant  a  was  estimated  at  0.12 
for  this  Ea-ferrite  medium.  By  this  method  using  the ’linear¬ 
ization  of  the  Henkel  plot,^  1.  J  mean-field  constants  were 
also  estimated  at  0.10  and  -0.05  for  the  other  two  samples 
with  the  squareness  of  0.75  and  0.5,  respectively.  The  mea- 
.sured  mean-field  constants  were  much  smaller  than  those  cal¬ 
culated  by  the  particle  arrangement  model  and  they  changed 
with  the  squareness.  This  result  suggests  that  the  mean  field 
is  diminished  by  the  particle  orientation  distribution. 

Figure  4  shows  the  influence  of  the  orientation  distribu- 


FIG.  3.  Henkel  pIot.«  measured  for  longitudinally  oriented  Ba-ferrite  particu¬ 
late  media  with  the  various  orientations,  and  the  linearization  of  the 
Henkel  plot. 


FIG.  4.  Influence  of  the  orientation  distribution  in  the  Ba-ferrite  medium, 
calculated  for  (a)  the  perfect  orientation,  (b)  the  orientation  with  the  square¬ 
ness  0.78,  (c)  the  random  orientation,  and  (d)  the  uniform  orientation  but  the 
centers  of  particles  are  located  at  the  same  positions  as  (c). 

lion  on  the  mean  interaction  field,  calculated  by  the  three- 
dimensional  particle  arrangement  model  for  the  Ba-ferrite 
medium.  Here  we  have  assumed  the  configuration  of  the  par¬ 
ticle  arrangement  as  a  cubic  so  that  the  demagnetizing  factor 
became  the  same  in  the  x,  y,  and  z  directions.  The  easy  axes 
of  particles  were  given  using  random  numbers  and  the  mean- 
field  constant  was  decided  by  taking  an  average  of  100  time 
calculations.  In  the  case  of  the  perfectly  oriented  model  as 
shown  in  Fig.  4(a),  the  distance  between  the  centers  of  par¬ 
ticles  placed  in  a  horizontal  direction  is  much  longer  than 
that  of  particles  arrayed  vertically.  However,  for  the  random 
orientation  of  Fig.  4(c),  the  particles  were  arranged  so  that 
the  distances  between  the  particle  centers  were  identical  in 
the  horizontal  and  the  vertical  directions.  The  squareness  was 
calculated  by  the  medium  magnetization  model  including  the 
mean-field  interaction.'*’® 

The  calculated  mean-field  constant  was  0.29  for  the  per¬ 
fect  orientation  of  Fig.  4(a)  but  it  decreased  as  the  orientation 
became  poor.  The  tendency  to  change  by  the  orientation  dis¬ 
tribution  corresponds  very  well  with  the  squareness  depen¬ 
dency  of  the  Henkel  plot  as  described  in  Fig.  3.  On  the  other 
hand,  as  shown  in  Fig.  4(d),  we  have  assumed  another  model 
in  which  the  easy  axes  of  particles  were  given  uniformly  but 
the  centers  of  particles  were  located  at  the  same  positions  as 
in  the  random  orientation  of  Fig.  4(c).  The  mean-field  con¬ 
stant  for  the  model  of  Fig.  4(d)  was  -0.05  which  was  nearly 
equal  to  the  random  orientation  model  of  Fig.  4(c).  Conse¬ 
quently  v/p  can  conclude  that  the  mean  interaction  field  is 
influenced  mainly  by  the  location  of  magnetic  particles  and 
not  by  the  particle  orientation. 

IV.  PERPENDICULAR  Co-Cr  MEDIUM 

A  perpendicularly  anisotropic  Co-Cr  film  medium  is 
considered  to  be  particulate  from  its  noise  characteristics^ 
and  a  columnar  structure  is  proposed.®  Moreover,  it  is  well 
known  that  the  demagnetizing  factor  in  the  perpendicular 
direction  is  smaller  than  1  mks  and  is  roughly  0.8,  in  general. 

The  effective  demagnetizing  factor  was  investigated  by 
the  particle  arrangement  model.  As  shown  in  Fig.  5,  many 
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FIG.  5.  Effective  demagnctuing  factor  for  a  Co-Cr  film  medium,  calculated 
when  each  column  is  (a)  a  single  domain,  and  divided  into  (b)  three  and  (c) 
five  grains. 

rectangular  columnar  particles  whose  aspect  ratio  was  1:10 
were  anayed  in  rows,  and  the  spaces  between  particles  were 
changed  according  to  the  packing  density.  When  each  colum¬ 
nar  particle  was  supposed  as  a  single  domain,  that  is  by 
model  5(a),  the  effective  demagnetizing  factor  decreased 
suddenly  as  the  packing  density  became  smaller  than  10%. 
However,  when  the  packing  density  was  larger  than  20%,  the 
demagnetizing  factor  was  larger  tlian  0.96.  Consequently,  the 
effective  demagnetizing  factor  is  regarded  as  about  1  in  a 
Co-Cr  perpendicular  medium  with  a  columnar  structure. 

Since  it  is  not  clear  why  the  demagnetizing  factor  is 
smaller  than  1,  we  have  assumed  that  a  positive  mean  inter¬ 
action  field  acted  in  the  perpendicular  direction  of  a  medium 
and  it  diminished  the  demagnetizing  field  effectively.  The 
mean  field  was  calculated  by  the  two  different  models  in 
which  each  columnar  particle  was  divided  into  (b)  three  and 
(c)  five  smaller  crystalline  grains  as  shown  in  Fig.  5.  The 
effective  demagnetizing  factor  was  obtained  by  subtracting 
the  mean  field  constant  from  1.  From  Fig.  5,  if  the  packing 
density  of  the  magnetic  grains  was  about  30%,  each  colum¬ 


nar  crystal  is  supposed  to  be  composed  of  about  three  grains 
separated  magnetically  because  the  effective  demagnetizing 
factor  is  roughly  0.8. 

V.  CONCLUSIONS 

A  positive  mean  field  was  obtained  for  a  longitudinally 
oriented  Ba-ferrite  medium  and  it  increased  according  to  the 
increase  of  the  packing  density.  On  the  other  hand,  a  negative 
mean  field  was  obtained  for  the  metal  particulate  medium. 
This  result  is  because  the  distance  between  magnetic  par¬ 
ticles  placed  in  parallel  to  the  magnetization  direction  is 
much  shorter  than  that  between  particles  in  series,  and  so  the 
negative  interaction  field  brought  by  parallel  particles  is 
stronger  than  the  positive  field  from  series  particles. 

By  the  lineari:^tion  of  the  Henkel  plot  and  by  calcula¬ 
tion,  it  was  shown  that  the  mean  field  was  changed  by  the 
squareness  of  the  Ba-ferrite  media.  This  result  is  because  the 
distance  between  particles  in  series  increased  and  decreased 
in  parallel  particles.  In  the  case  of  a  Co-Cr  perpendicular 
medium,  each  columnar  particle  was  supposed  to  be  com¬ 
posed  of  three  or  four  grains  separated  magnetically  when 
the  positive  mean  field  acted  in  the  medium. 

The  interparticle  magnetic  interaction  is  strongly  influ¬ 
enced  by  the  stacking  of  particles  which  was  neglected  in 
this  article.  The  relationship  between  the  interaction  and  the 
stacking  have  to  be  studied  as  well  as  the  influence  of  inter¬ 
particle  interaction  on  recording  density  and  noise  character¬ 
istics. 
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For  a  granular  thin-film  medium,  the  total  noise  is  determined  by  intergranular  interactions  and  local  s 

anisotropy  fields.  Among  these  two  factors,  the  effect  of  local  anisotropy  on  medium  noise  is 

relatively  less  clear.  A  micromagnetic  model  is  used  to  study  four  kinds  of  media  with  different  1 

anisotropy  distributions.  Perpendicular  anisotropy  is  examined  in  two  of  the  four  media:  One  has  a  | 

uniform  perpendicular  component  for  all  grains,  the  other  has  some  perpendicular  grains  randomly  I 

distributed.  It-is  found  that  if  exchange  coupling  is  absent,  the  medium  with  the  most  uniformly 

distributed  crystalline  anisotropy  has  the  lowest  noise.  Otherwise,  the  medium  with  the  most  \ 

nonuniformly  distributed  anisotropy  yields  the  lowest  noise.  ? 


I.  INTRODUCTION 

Medium  noise  originates  fi:om  local  magnetic-field  (an¬ 
isotropy)  fluctuations  and  interactions  between  grains  that 
include  exchange  coupling  and  magnetostatic  interactions; 
The  effect  of  exchange  coupling  oh  the  mbdium  noise  was 
studied  numerically  indicating  that  a  strong  intergranular  ex¬ 
change  enhances  medium  noise  significantly  due  to  collec¬ 
tive  magnetic  behavior.*  Therefore,  to  achieve  a  medium 
with  the  lowest  noise,  exchange  coupling  must  be  elimi¬ 
nated.  Medium  noise  with  different  anisotropy  distributions 
was  studied  experimentally  by  using  torque  measurement.^ 
Based  on  this  experiment,  media  with  perpendicular  anisot¬ 
ropy  component  have  lower  noise  than  those  without  a  per¬ 
pendicular  component.  Since  the  torque  measurement  cannot 
reveal  the  micromagnetic  structure,  a  numerical  model  com¬ 
paring  media  with  a  2D  and  a  3D  distribution  of  anisotropy 
was  utilized  to  understand  the  noise  reduction  mechanism.’ 
The  numerical  model  found  that  these  two  kinds  of  media 
had  a  similar  medium  noise  level.  Therefore,  the  reason  for 
this  noise  reduction  observed  in  the  experiment  is  still  not 
fully  understood. 

In  this  article,  a  micromagnetic  model  is  utilized  to  sys¬ 
tematically  study  media  noise  with  different  anisotropy  dis¬ 
tributions.  The  purpose  of  this  study  is  to  further  understand 
noise  mechanisms  and  to  explore  optimal  anisotropy  distri¬ 
butions  that  offer  very  low  media  noise  even  when  exchange 
coupling  exists. 


II.  MODEL  AND  MEDIA  SELECTION 

The  model  used  for  this  study  is  a  standard  miaomag- 
netic  model  in  which  a  portion  of  magnetic  thin  film  medium 
is  represented  by  a  64X64  hexagonal  grains.'*  The  magneto¬ 
static  and  exchange  interactions  between  these  grains  are 
characterized  by  two  normalized  parameters  hm  and  he  de¬ 
fined  as’  hm=MJHk,he=A*IKD^,  where  Mg  is  the  satu¬ 
ration  magnetization,  //*  is  the  crystalline  anisotropy  field, 
A  *  is  a  phenomenological  intergranular  exchange  coupling, 
D  is  the  train  size,  and  K  is  the  granular  crystalline  anisot¬ 
ropy  energy. 


Four  media  with  different  anisotropy  distribution  are  in¬ 
vestigated.  The  anisotropy  distributions  of  these  media  are 
listed  in  Table  I. 

For  each  type  of  medium,  20  different  64  X64  arrays  are 
generated  to  obtain  track  average  fluctuations.  For  each  ar¬ 
ray,  the  magnetization  is  first  saturated  in  one  direction  and 
then  an  isolated  transition  is  recorded  by  a  Karlquist  head 
field.  By  obtaining  20  different  magnetic  transition  patterns 
from  these  arrays,  the  magnetic  fluctv  vtion  at  down-track 
position  X,  dm(x),  is  calculated  by  the  following  formula: 

1 

/“I 

where  m,(x)  is  the  cross-track  magnetization  average  of  the 
ith  medium,  and  m(x)  is  the  average  of  mt{x).  In  the  follow¬ 
ing  discussion,  dm{x)  is  treated  as  the  medium  noise  at  po¬ 
sition  X,  although  in  a  practical  point  of  view,  it  is  the  me¬ 
dium  noise  deconvolved  with  the  playback  head  function. 
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III.  FLUCTUATIONS  IN  CRYSTALUNE  ANISOTROPY  j 

AMPLITUDE  I 

Medium  A  and  medium  B  have  the  same  angular  distri-  ' 

bution  in  the  crystalline  anisotropy,  but  medium  A  has  a  con¬ 
stant  Hi-  value,  and  medium  B  has  a  uniform  distribution  in  ! 

Hh  from  0.5  to  1.5.  In  Fig.  1(a)  magnetization  cross  track 
averages  m{x)  for  medium  A  and  medium  B  with  A/w =0.2,  ; 

Ac=0.05  are  plotted.  In  Fig.  1(b),  the  fluctuation  function  | 

dm{x)^  is  also  plotted.  It  is  noticed  that  the  medium  fluctua-  i 

tion  always  reaches  a  maximum  at  the  transition  center.  This  i 


TABLE  I.  The  anisotropy  distributions  of  these  media. 


ID 

Amplitude  of  anisotropy 

Direction  of  anisotropy 

Medium  A 

2D  random  (planer) 

Medium  B 

Hu  varies  from  0.5  to  1.5 

2D  random  (planer) 

Medium  C 

2D  random  but  with  10% 
grains  having  perpendicular 
crystalline  anisotropy. 

Medium  0 

//*=1.0 

Almost  2D  random 

but  with  a  small  vertical 

component  which  varies  from  0  to  0.2. 
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Tronsition  (Hm=0.2,  He=0.05) 


FIG.  1.  (a)  Magneti'.  transition  profiles  and  (b)  medium  fluctuation  for  me¬ 
dium  A  Mid  lines)  and  medium  B  (dashed  lines)  with  Am =0.2  and  he 
=0.05. 


can  be  qualitatively  understood  based  on  a  simple  statistic 
argument:  Assuming  that  the  magnetization  in  each  grain  c;ui 
only  have  two  values:  m,  or  -m,,  it  can  be  proven  that  the 
cross  track  average  fluctuation  is  proportional  to 
where  m  is  the  magnetization  average.  By  com¬ 
paring  the  noise  levels  of  these  two  media,  one  can  And  that 
the  medium  with  a  constant  has  a  higher  noise  level  than 
the  other  in  both  transition  region  and  saturation  region.  This 
indicates  that  the  cross-track  coupling  in  grains  is  reduced 
with  a  fluctuation  in  Hi . 

In  Fig.  2,  the  total  medium  fluctuation  by  taking  the 
summation  of  dm{x)^  over  x  is  plotted  versus  magnetostatic 
interaction  parameter  hm  with  zero  exchange  coupling.  The 
hm  value  varies  from  zero  to  0.2  and  he  is  equal  to  0.0.  When 
Am =0.0,  grains  in  both  medium  A  and  medium  B  have  no 
interactions.  Therefore,  the  two  media  have  the  same  total 


Fluaiuotions  vs  Hm  (He=0) 


FIG.  2.  The  total  medium  fluctuation  vs  Iwi  at  Ae=0.0  for  medium  A  (solid 
line)  and  medium  B  (dashed  line). 


He 


FIG.  3.  The  total  medium  fluctuation  vs  he  at  hm=0.2,  for  medium  A 
(solid  line)  and  medium  B  (dashed  line). 


medium  fluctuation  value.  As  hm  increases,  the  total  fluctua¬ 
tion  first  decreases  and  then  increases.  The  reduction  of  the 
total  fluctuation  initially  is  due  to  magnetostatic  interaction 
which  offers  an  antiparallel  interaction  across  the  track.  This 
reduces  cross-track  coupling.  On  the  other  hand,  the  magne¬ 
tostatic  interaction  also  lines  up  magnetization  of  each  grain 
in  the  down-track  direction.  TTiis  reduces  medium  noise  in 
the  saturation  region.  As  hm  increases  even  further,  medium 
fluctuations  increase  signiflcantly  in  the  transition  region  due 
to  a  broader  transition.  This  results  in  a  higher  total  noise. 
Both  medium  A  and  medium  B  show  the  same  trend  for  the 
total  medium  noise;  however,  medium  A  always  has  a  lower 
fluctuation  value  than  medium  B  due  to  its  constant 
value. 

In  Fig.  3,  the  total  medium  fluctuation  versus  exchange 
coupling  parameter  he  is  plotted  with  hm -0.2.  For  both 
medium  A  and  medium  B,  the  total  medium  fluctuation  in¬ 
creases  monotonically  with  he.  However,  for  medium  B  the 
noise  fluctuation  increases  much  more  slower  than  that  for 
medium  A.  This  can  be  explained  by  the  following  argument: 
Analytically,  it  can  be  proven  that  the  total  fluctuation  is 
proportional  to  the  cross  track  correlation  length.®  Exchange 
coupling  links  the  magnetization  between  adjacent  grains 
and  makes  the  correlation  length  longer.  Medium  B  which 
has  a  fluctuation  in  the  local  anisotropy  amplitude  reduces 
the  cross-track  correlation  that  is  developed  by  the  exchange. 
This  argument  will  also  used  to  explain  the  noise  reduction 
in  medium  C. 

Although  medium  B  has  slightly  more  noise  than  me¬ 
dium  A  without  exchange  coupling,  its  noise  increases  very 
slowly  with  increasing  exchange  coupling.  Tnis  is  a  signifi¬ 
cant  advantage  when  exchange  coupling  cannot  be  fully 
eliminated. 

iV.  PERPENDICULAR  CRYSTALLINE  ANISOTROPY 

Both  medium  C  and  medium  D  have  a  perpendicular 
anisotropy  component  either  fi:om  individual  grains  (medium 
C)  or  from  all  grains  (medium  D).  In  our  study,  10%  of  the 
grains  of  medium  C  have  their  crystalline  anisotropy  directed 
perpendicularly.  la  medium  D,  the  crystalline  anisotropy  in 
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FIG.  4.  (a)  medium  fluctuations  for  medium  A,  (b)  medium  fluctuations  for 
medium  C,  (c)  medium  fluctuations  for  medium  D.  The  solid  lines  are  for 
hm  =  0.1,  he=0.0,  the  dashed  lines  are  for  hm=0.l,  he=0.l. 


each  grain  has  a  perpendicular  component  varying  from  0  to 
0.2.  Therefore,  medium  C  and  medium  D  have  the  same 
perpendicular  anisotropy  component  with  an  average  of  0.10. 

In  Figs.  4(a),  4(b),  and  4(c),  dm{x)^  curves  for  medium 
A,  C,  and  D  are  plotted,  respectively.  The  solid  curves  are  for 
Am  =  0.1  and  he  =  0.0  and  the  dashed  lines  are  for  hm 
=0.1,  and  Ae= 0.1.  When  the  exchange  coupling  is  small, 
the  fluctuation  is  very  small  for  all  three  media.  In  the  tran¬ 
sition  region,  medium  D  has  the  highest  medium  fluctuation 
followed  by  medium  C.  When  the  exchange  coupling  exists 
(A e= 0.1),  the  fluctuation  increases  significantly  in  the  tran¬ 
sition  region,  however  no  fluctuation  increase  is  observed  in 


the  saturation' region.  By  comparing,  these  three  media,  we 
find  that  medium  A  and  medium  D  have  a  similar  fluctuation 
level.  Medium  C  has  a  lower  fluctuation  level  than  that  of  the 
other,  media.  This  indicates  that  medium  D  in  which  crystal¬ 
line  anisotropy  is  tilted  perpendicularly  slightly  has  the  same 
cross-track  correlation  length  as  that  of  medium  A.  This  re¬ 
sult  agrees  with  the  previous  micromagnetic  study  discussed 
in  Sec.  I.^  Only  the  perpendicular  grains  in  medium  C  have 
sufficient  strength  to  reduce  the  correlation  length  developed 
by  exchange  coupling.  Tnerefore,  in  order  to  reduce  ex¬ 
change  coupling  effect,  fluctuations  in  anisotropy  fields  have 
to  be  sufficiently  large  especially  between  adjacent  grains. 

It  is  more  likely  that  the  experimental  results  were  ob¬ 
tained  on  media  which  have  a  structure  similar  to  medium  C. 
Since  medium  C  and  medium  D  have  the  same  average  per¬ 
pendicular  anisotropy  component,  the  torque  measurement 
cannot  distinguish  one  from  the  other.  As  discussed,  medium 
D  has  a  lower  medium  noise  than  medium  C  and  A.  There¬ 
fore,  torque  measurement  can  not  always  be  directly  corre¬ 
lated  with  medium  noise. 

V.  CONCLUSIONS 

By  utilizing  a  micromagnetic  simulation,  four  idealized 
media  with  different  crystalline  anisotropy  distributions  are 
investigated.  It  is  found  that,  when  exchange  coupling  is  ab¬ 
sent,  medium  noise  is  determined  by  the  local  crystalline 
anisotropy  fluctuation.  The  total  medium  noise  power  is  low 
for  all  four  media.  Relatively,  medium  A,  with  the  most  uni¬ 
form  anisotropy  distribution,  has  the  lowest  noise.  When  ex¬ 
change  coupling  is  strong,  medium  noise  is  determined  by 
the  collective  magnetization  behavior.  Under  this  circum¬ 
stance,  a  medium  with  a  structure  eliminating  the  exchange 
coupling  effect  has  a  low  noise  level.  To  achieve  this  kind  of 
structure,  fluctuations  in  the  cry'Stalline  anisotropy  have  to  be 
sufficiently  large.  In  the  four  medium  structures  we  tested, 
medium  B  and  medium  C  yield  a  slower  noise  increase  as 
exchange  coupling  rising.  Therefore,  when  exchange  cou¬ 
pling  cannot  be  totally  eliminated,  a  medium  with  a  structure 
similar  to  medium  B  or  medium  C  is  recommended. 
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Ferrite  MiG  hea^  intended  for  narrow  track  (siO  /tm)  digital  recording  were  recently  investigated 
in  the  critical  pdie-tip  region  at  the  air-bearing-surface  using  micro-ellipsometry,  Kerr  microscopy, 
arid  electron  back-scatter  diffiaction  from  individual  grains,*' arid  using  magnetic  force  microscopy 
to  detect  air-gap  remarie'nt  fields?  Comparison  of  these  direct  observations  with  readback-after-write 
waveforms  from  wfitteri  test  tracks,  and  corisideratidn  of  granularity  influences  on  bulk  permeability 
and  dotnain  sizej  iridicate  that  waveform  iristability  and  asymmetry  from  polycrystalline  ferrite 
(PCF)  heads  would  be  dimiriished  by  suitable  size  and  orientation  of  the  grains.*  The  use  of 
single-crystal  fefrite^  (SCF)  for  advanced  laser  erihanced  etch  definition^  of  narrow  pole  MiGs  can 
avoid  this  type  of  distortion.  However,  secondary  sipals"*  often  appear  as  weak  pulses  separated  in 
time  from  the  main  gap  pulse.  We  have  associated  this  effect  with  a  zig-zag  shaped  wall  seen 
nucleated  and  propagated  from  the  pole  tips  by  a  write  pulse.'*  This  wall  and  its  underlying  domains 
lie  remanent  in  the  stressed  ABS  material  and  evidently  react  to  the  bit  fields  during  the  read  cycle. 

The  secondary  read-back  response,  though  similar  to  the  pseudo-gap  effect,  differs  in  origin.  Its 
timing  depends  on  the  distance  of  the  zig-zag  wall  to  the  gap,  not  the  fixed  position  of  the 
sendust-ferrite  interface.  Our  results  indicate  that  suitable  grain  oriented  ferrite  would  reduce  PCF 
MiG  head  read-back  asymmetry  and  instability.  For  SCF  heads,  a  method  for  electrically  removing 
zig-zag  walls  is  possible  and  secondary  pulse  removal  has  now  been  demonstrated  on  a  spin  test 
strand. 
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Magneto-optical  (MO)  polar  Kerr  rotation  and  ellipticity  (PKR  and  PKE,  respectively)  of  Co  rich 
Au(lll)/Co(0001)  multilayers  grown  by  molecular  beam  epitaxy  on  GaAs(llO)  substrates  are 
reported.  The  individual  layer  thicknesses,  r^u  and  to,  were  t /Jt (^=2.612)2,  1.0/1.5,  and  0.65/0.8 
nm.  The  samples  displayed  perpendicular  mapetic  anisotropy  smaller,  than  demagnetization  energy. 
PKR  and  PKE  were  measured  at  photon  energies  between  1.5  and  5.2  eV.  In  the  multilayer  with 
<00=1-5  nm,  PKR  at  3.1  eV  reached  a  value  of  -0.34°,  remarkably  higher  than  that  reported  on  Au 
rich  multilayers.  The  spectra  were  compared  with  theory.  A  satisfactory  agreement  was  obtained 
only  for  the  sample  with  the  largest  bilayer  thickness,  <au+^C9"5.8  nm.  This  indicates  that  when  <au 
and  fco  are  reduced  to  a  few  atomic  monolayers  the  role  of  interfaces  is  increased.  The  effects  of 
strain,  defects,  and  atomic  mixing  at  Au-Co  interfaces  become  more  important.  Both  the  magnetic 
and  optical  properties  are  modified. 


I.  INTRODUCTION 

Several  interesting  phenomena  have  been  demonstrated 
in  ultrathin  3D  ferromagnetic  metal/noble  metal  film  struc¬ 
tures,  among  them  perpendicular  magnetic  anisotropy 
(PMA),  enhancement  of  magneto-optical  (MO)  effects,  oscil¬ 
lating  interlayer  exchange  coupling,  etc. This  article  re¬ 
ports  on  MO  polar  Ken  rotation  and  ellipticity  (PKR  and 
PKE)  in  molecular  beam  epitaxy  (MBE)  grown  Au/Co  mul¬ 
tilayers  ill  which  the  individual  layer  thicknesses  of  r  au  were 
chosen  smaller  than  those  of  /co-  The  previous  MO 
studies^"*  were  all  focused  on  the  multilayers  chaiacterized 
by  'Au>^a)- 

II.  SAMPLES  AND  EXPERIMENTAL  METHODS 

The  Au/Co  multilayers  were  grown  by  MBE  onto  (110) 
oriented  GaAs  substrates.^  First,  a  50-nm-thick  buffer  layer 
of  Ge(llO)  and  a  (110)  Co  layer,  followed  by  the  first 
Au(lll)  layer,  were  deposited  and  on  which  the  Au(lll)/ 
Co(OOOl)  multilayer  structure  was  grown.  In  this  way,  the 
first  and  topmost  layers  in  the  multilayer  ;.ystems  were  al¬ 
ways  gold.  Three  samples  with  individual  Au  and  Co  layer 
thicknesses,  (rAu/<co)"=(2.6/3.2)^,  (1.0/1.5)‘’®,  and 

(0.65/0.8)*®  were  selected  for  the  present  study.  Here  n  de¬ 
notes  the  number  of  Au-Co  bilayers  grown  on  the  Au(lll)/ 
Co(110)/Ge(110)  buffer  system.  The  sample  periodicity  was 
checked  by  x-ray  diffraction  (XRD)  PI®  and  PKE  were 
measured  at  300  K  m  a  photon  energy  range  from  1.5  to  5.2 
eV.  Use  was  made  of  the  azimuth  modulation  and  seif- 
compensation  technique.^  The  angle  of  incidence  was  6°.  As 


a  first  step,  the  PKR  hysteresis  loops  were  taken  at  a  photon 
energy  of  3.1  eV,  which  provided  a  value  of  the  saturation 
magnetic  field. 

III.  RESULTS  AND  DISCUSSION 

The  XRD  pattern  indicated  a  good  periodicity  and  sharp 
interfaces  in  the  (2.6/3.2)^®  and  (1.0/1.5)‘’®  multilayers,  as 
illustrated  in  Fig.  1  for  the  latter  sample.  In  the  (0.65/0.8)*® 
sample  broader  peaks  revealed  a  large  amount  of  Au-Co 
mixing.  The  results  of  the  PKR  magnetometry  are  shown  in 
Fig.  2.  The  saturation  of  PKR  below  0.8  T  in  the  (2.6/3.2)^’ 


FIG.  1.  X-ray  diffraction  (CuXo)  from  [Au(1.0  nm)/Co(1.5  nm)]*® 
multilayer. 
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(a)  Photon  energy  [eV] 


FIG.  2.  Magneto-opt)':a!  polar  Kerr  rotation  hysteresis  loops  measured  at  a 
photon  energy  of  3.1  eV  in  [Au(2.6  nm)/Co(3.2  nm)]“  (short  dash),  [Au(1.0 
nm)/Co(1.5  nm)J*®  (long  dash),  and  [A»(0.65  nm)/Co(0.8  nm)]**  (solid  line) 
multilayers. 

multilayer  and  the  MO  hysteresis  loops,  displaying  low  re- 
manence  and  constriction  in  the  other  samples,  are  typical 
for  the  case  when  the  PMA  is  smaller  th^n  demagnetization 
energy.^  The  anisotropy  is  due  to  the  magnetoela.itic  effect 
originating  from  larger  lattice  spacmg  in  gold  than  in  cobalt 
and  its  magnitude  is  sensitive  lo  the  distribution  of  Au  and 
Co  atoms  at  the  interface,®  void  concentration  in  Au  and, 
possibly,  to  Au  layer  thickness  when  f is  reduced  to  a  few 
atomic  monolayers  (a  reduced  strain  effect  of  the  Au  layer  in 
Co  rich  Au/Co  multilayers).  Note  that,  in  Au(5 
nm)/Co(rco)/Au(25  nm)  sandwiches,  the  energy  of  the  per¬ 
pendicular  magnetic  anisotropy  dominates  the  demagnetiza¬ 
tion  energy  up  to  about  nm.*®’"  This  critical  thick¬ 

ness  is  generally  smaller  ip  multilayers  where  sharp,  steplike 
Au-Co  interfaces  are  more  difficult  to  achieve.**’*^ 

Figure  3  displays  PKR  and  PKE  spectra  of  the  multilay¬ 
ers.  In  thicker  samples  the  splitting  of  the  major  peak  is 
observed.  The  structure  is  mainly  of  Au  origin.  Particularly, 
the  peak  arising  from  the  plasma  edge  in  gold  situated  near 
2.5  eV  is  clearly  discernible  in  the  (2.6/3.2)^®  multilayer. 
Here  PKR  reaches  -0.33°.  This  value  is  considerably  higher 
than  that  observed  in  Au  rich  multilayers.^'"*  In  the 
(l.O/l.S)"*®  multilayer  the  PKR  amplitude  is  even  higher 
(-0.34°),  while  the  peak  broadens  and  shifts  to  3  eV.  The 
peak  is  remarkably  reduced  in  the  (0.65/0.8)*®  where  the 
nominal  r^u  and  fco  J®ss  than  3  and  4  ML,  respectively, 
and  large  Au-Co  mixing  at  the  interfaces  was  difficult  to 
avoid. 

Several  formalisms  based  on  Maxwell’s  theory  have 
been  developed  to  describe  the  optical  interactions  in  mag¬ 
netic  multilayers.*"*'**  We  modeled  the  spectra  using  the 
model  given  elsewhere*"*  and  the  bulk  optical  (for  Au  and 
Co)  and  MO  (for  Co)  data.*®'^  This  approach  was  shown  to 
be  successful  in  the  case  of  Au/Cto/Au  sandwiches  where  the 
composition  profile  can  be  made  nearly  ideally  rectangular.*® 
The  computed  spectra  in  the  multilayers  are  all  similar  in 


(b)  Photon  energy  [eV]  — ♦ 

FIG.  3.  Magneto-optical  polar  Kerr  effect  in  Au/Co  multilayers  and  bulk  Co 
of  (a)  rotations  and  (b)  ellipticities. 

shape,  displaying  a  moderate  increase  in  amplitude  as 
/au+<Co  and  the  thickness  of  the  topmost  layer  simulta¬ 
neously  decrease.  However,  the  experimentally  observed 
spectra  do  not  follow  this  simple  trend.  A  satisfactory  agree¬ 
ment  between  the  measured  and  computed  spectra  is  ob¬ 
tained  only  for  the  thickest  fco+^Au  bilayer  (Fig.  4).  In  this 
case  all  structures  in  the  computed  spectra  can  be  correlated 
with  the  experiment.  Nevertheless,  the  measured  spectra 
show  broader  linewidths  and  the  peak  assigned  to  the  plasma 
edge  in  gold^  occurs  at  slightly  higher  photon  energy. 

To  explain  the  observed  differences  we  have  to  consider 
the  following  effects:  (1)  Amplitude  reduction  of  the  inter¬ 
band  transition  contributing  to  the  absorption  edge  in 
goid20.25  jyp  structural  defects  (e.g.,  voids)  and  the  lack  of 
long  range  order.  These  defects  are  likely  to  occur  in  our  Au 
ultrathin  films  which  were  grown  under  a  compressive  stress 
induced  by  adjacent  Co.  (2)  Increase  of  the  Au-Co  mixing  at 
the  interfaces  with  number  of  bilayers.  This  reduces  not  only 
the  interface  perpendicular  anisotropy  but  also  the  magneti¬ 
zation  and,  consequently,  the  PKR  and  PKE  because  a  part  of 
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Photon  energy  [eVj  — » 

FIG.  4.  Polar  Kerr  effect  in  [Au(2.6  nm)/Co(3.2  multilayer.  Experi¬ 
mental  data  of  rotation  (squares)  and  ellipticity  (triangles);  computed  using 
the  optical  constants  of  the  bulk  Au  (solid  lines). 

the  Co  atoms  at  the  interfaces  are  not  ferromagnetically 
coupled  to  each  other.  (3)  Larger  Drude  (free  carrier)  line- 
width  in  ultrathin  gold  is  produced  by  the  scattering  at 
^  Au-Co  interfaces.  (4)  Effect  of  electronic  coupling  between 
spin-polarized  Co  and  As  a  result,  a  contribution 

from  spin-polarred  Au  to  the  total  magneto-optical  activity, 
especially  in  the  region  of  the  Au  plasma  edge,“  cannot 
completely  be  ruled  out. 

An  inspection  of  the  XRD  pattern  in  Fig.  2  proves  a  high 
degree  of  perfection  of  the  [Au(1.0  nm)/Co(1.5  nm)]^ 
multilayer.  The  sample  displays  a  rather  high  PKR  an'i  PI®. 
The  thickness  of  the  Au  spacer,  r >  is  smaller  than  5  ML 
and  the  adjacent  Co  layers  can  be  considered  as  coupled.*^ 
The  shift  of  the  main  peak  towards  higher  photon  energies  is 
due  to  the  changes  of  Au  permittivity  in  the  ultrathin  film 
limit  and  partially  due  to  a  weak  MO  contribution  of  the 
spin-polarized  gold  monolayer  at  Au-Co  interface.”  The  ef¬ 
fect  of  Au-Co  mixing  at  the  interfaces  dominates  the  spectra 
of  the  [Au(0,6.5  nm)/Co(0.8  nm)]*®  multilayer.  This  makes 
the  ferromagnetically  ordered  Co  layer  thinner  by  about  1 
ML  per  period*^  and,  consequently,  attenuates  MO  ampli¬ 
tudes  in  this  sample. 

IV.  SUMMARY 

In  conclusion,  we  have  presented  polar  Kerr  effect  spec¬ 
tra  in  Co  rich  MBE  grown  Au/Co  multilayers.  In  the 
multilayer  with  ””1  PKR  at  3.1  eV  reached  a  value 

of  -0.34°,  remar^bly  higher  than  that  reported  in  Au  rich 
multilayers.  The  spectra  were  compared  with  theory.  The 
modeling  has  shown  that  magneto-optical  Kerr  spectra  in 
Au/Co  multilayers,  especially  in  the  Au  plasma  edge  region 
near  2.5  eV,  strongly  depend  on  the  optical  constants  of 
gold.*®  In  this  spectral  region  the  constants  are  very  sensitive 
to  Au  layer  perfection.^’^  A  satisfactory  agreement  using 
bulk  Au  optical  constants  was  obtained  only  for  the  sample 
with  the  thickest  bilayer,  tAu'^^Co~^-^  n®-  Th*®  indicates 


Aatj-at-rAu-^^  ^Cb,  reduced,  to  a  few  atomic,  monolayers,  the; 
role  of  interfaces  is  increased.  The  effect  of  strain  and  defects 
as  well  as  that  ofiatbmic  mixing  at  Au-Go  interfaces  become 
more  important;  Both  the  magnetic  and  optical  properties  are 
modified:  surface  perpendicular  magnetic  ahisotfopy  induced 
by  the- mismatch  between  the  lattice  parameters  of  Au  and 
Co,  oscillator  strenghts  for  the  Au  interband  electronic  tran¬ 
sitions,  free  electron  scattering  in  Au,  etc.  Also,  spin  polar¬ 
ization  in  Au  induced  by  exchange  coupled  Co  atoms  at 
Au-Co  interfaces  should  be  taken  into  account. 
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Spiii-rcoriehtati6n  pro<»^es  in  anisotropic  magnetic  superlattices  (SLs)  with  antiferromagnetic 
inteffdcial  coupling  are  theoretically  analyzed.  Results  provide  magnetic  phase  diagrams  of  the  kind 
“external  field-relative  inagnetic  moment,”  as  well  as  equations  for  the  lines  of  the  phase 
transitions.  The  influence  of  possible  inhomogeneous  magnetization  in  SLs  is  considered 
phenomenologically  for  the  normal-ihcidehce  polar  Kerr  magneto-optical  effect  assuming  the  (2 
parameter  to  be  a  fiinction. of -distance  along  the  normal  to  the  interface.  A  simple  approach  to  the 
solution  of  .this,  problem  is- outlined. 


INTRODUCTION 

Studying  magnetic  superlattices  (SLs)  is  of  great  impor¬ 
tance  with  regard  to  our  understanding  of  the  influence  of 
surfaces  and  interfaces  on  their  physical  properties.  This  is 
particularly  true  for  MO  media.  Magnetization  processes  in 
SLs  are  now  under  comprehensive  investigation.*’^  However, 
the  existing  theoretical  models  of  SLs  either  operate  with  an 
infinite  medium  or  involve  numerical  methods  and  thus  do 
not  explain  completely  the  behavior  of  the  magnetic  struc¬ 
tures  in  an  external  magnetic  field.  In  particular,  there  has 
been  little  research  into  how  bulk  or  surface  magnetic  anisot¬ 
ropy  and  the  outer  suriaces  affect  the  magnetic  phase  transi¬ 
tions  and  the  reorientation  processes.  Inhomogeneous  mag¬ 
netization  can  presumably  occur.  To  ascertain  whether  this 
may  affect  the  MO  properties  of  SLs  the  normal  incidence 
polar  Kerr  effect,  being  important  for  applications,  should  be 
studied  for  the  case  where  the  inhomogeneity  is  along  the 
normal  to  the  plane  of  the  medium.  Consequently,  the  MO  Q 
parameter  becomes  a  function  of  the  distance  z  from  the 
surface.  As  far  as  we  are  aware  this  problem  has  not  been 
solved  before  except  for  the  special  case  of  homogeneous 
multilayered  thick  films.^  Although  we  have  treated  rigor¬ 
ously  the  most  general  case,  which  will  be  reported  on  in  due 
course,  the  solution  here  is,  for  brevity,  given  in  terms  of  the 
differential  reflectance  approach.'* 


FIELD  INDUCED  SPIN-REORIENTATION  PROCESSES 
IN  SU 

We  consider  SLs  with  the  two  layers  periodically  re¬ 
peated.  One  of  them  is  to  be  isotropic  and  the  other  to  pos¬ 
sess  uniaxial  anisotropy  (e.g.,  Gd/Co).  The  SL  is  subjected  to 
an  external  field  H  in  the  plane  of  the  films.  In  the  first 
instance  the  magnetization  is  assumed  to  be  homogeneous  in 
each  layer.  Their  total  number  iV+ 1  is  odd,  so  the  first  and 
last  layer  are  identical.  To  find  the  phase  diagrams  at  the 
temperatures  far  below  the  Curie  point  we  use  the  thermo¬ 
dynamic  potential 


iv/2+i  m 

F=—  2  h  cos  {hlft—KIl  cos  $2i) 

i=l  1  =  1 

N 

X COS  ^2+2  COS(^i- ^j+l),  (1) 

where  dj  is  the  angle  between  H  and  the  magnetization  in  the 
Jth  layer.  In  (1)  h=HdJ\M2, 

K~k/\MiM2  are,  respectively,  the  relative  magnetic  mo¬ 
ment  of  the  SL  unit  cell,  the  reduced  external  field,  and  the 
anisotropy  constant.  All  these  are  defined  through  the  thick¬ 
nesses  dj ,  ^2  .  the  magnitudes  of  the  magnetization  A/j ,  M2 
of  the  layers,  the  positive  quantity  X  proportional  to  the  in¬ 
terface  exchange  constant,  and  the  second-order  anisotropy 
constant  K.  The  potential  (1)  has  been  written  as  if  the  iso¬ 
tropic  layer  is  the  first  one  of  the  SL.  That  for  the  anisotropic 
layer  has  been  considered  in  Ref.  5.  The  equilibrium  mag¬ 
netic  phases  are  found  from  the  conditions;  dFlddi=0  and 
the  matrix  Wd^F/ddjddj  1|  is  positive-definite.®  To  simplify 
the  analysis  and  gain  analytical  results  we  put  Since 
the  sign  of  K  essentially  changes  the  phase  diagrams,  they 
will  be  considered  separately  for  both  signs. 

For  K>0  and  H  perpendicular  to  the  anisotropy  axis  the 
phase  diagram  of  Fig.  1  consists  of  the  following  five  phases; 


FIG.  1.  Phase  diagram  of  the  fenimagneticSL  for 0.1  and  0.2.  The  field 
H  is  perpendicular  to  the  easy  axis. 
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FIG.  2.  Phase  diagram  of  the  ferrimagneticSL  for  0.1  and  -0.2.  The 
field  H  is  pkallel  to  the  easy  axis. 


Aj  and  A  2  overlap  each  other.  This  means  the  existence  of 
the  first  kind  of  phase  transition  between  Aj  and  A2 .  The 
equation  of  its  line  is  /t=l  at  h-*0.  At  the  point  where  the 
instability  lines  of  the  collinear  phases  A  j  and  A  2  intersect 
each  other  the  fct  order  transitions  between’  the  phases  C 
and  A 12  take  place.  The  region  of  such  transitions  expands 
with  increasing  value  of  K.  Similar  behavior  occurs  in  bulk 
ferrimagnets.^ 

The  magnetization  in  the  layers  cm  be  inhomogeneous. 
This  is  expected  to  be  valid  particularly  for  SLs  including 
rare-earth  elements  and  transition  metals.  From  our  recent 
investigation  of  how  the  inhomogeneities  change  the  critical 
fields  we  can  conclude  that  the  critical  fields  of  the  transi¬ 
tions  Ai<-»C  (the  lines  ab  and  cd  in  Figs.  1  and  2) 
increase  but  those  of  A2^C  decrease  (the  line  ef),  that  is, 
the  region  of  the  phase  C  expands. 


MO  POUR  KERR  EFFECT  OF  INHOMOGENEOUS 

(1)  “Ferromagnetic”  fl,  above  the  line  a&(d/=0),  SL* 


h>2,  fi<-. 


hih-2) 


(2) 


hi2+K)-2K' 

(2)  “Ferrimagnetic”  Aj ,  at  the  right  of  the  line 


c</(d,  =  03=...  =  O,  (%=04=...=ir), 


h>z 


2K 


h{h  +  2) 


(3) 


2-K’  ^  h{2-K)-2K' 

(3)  “Ferrimagnetic”  A2 ,  at  the  left  of  the  line 
/e(0,  =  ^=...=7r,  ^=^4=...=0), 


h{\-h) 


(4) 


(4)  “Surface-reoriented”  (SR),  at  the  left  of  the  line 

a/(^i=0,  ^=^5=...=7r,  ^=04=...=O) 

h{2-h) 


h>3/2,  fi< 
h<3/2,  fi< 


h{2-K)  +  2K’ 

h(h-m-2(h-m 

h+K{h-l){2-h) 


(5) 

(6) 


The  magnetization  in  the  boundary  layers  is  oriented  parallel 
to  H  while  the  structure  of  the  ferrimagnetic  phase  A  2  per¬ 
sists  in  the  interior  of  the  SL. 

(5)  “Canted”  (C)  between  ab,  af,  fe,  and  cd  lines.  The 
magnetic  moments  make  various  angles  with  H.  The 
“surface-twist”  phase®  exists  in  C  for  small  ft,  in  the  area 
limited  by  the  lines  eg,  fe  and  it  turns  into  C  phase  on  the 
line  defined  from  (5).  In  this  phase  the  maximum  deviation 
from  the  collinear  orientation  (being  inherent  to  the  both 
phases  A,  and  A 2)  takes  place  near  the  surface.  This  devia¬ 
tion  vanishes  with  distance  into  the  interior  of  SL.  So  the 
magnetization  process  in  the  SL  is  seen  to  be  sophisticated  if 
fi<l.  For  even  N+ 1,  surface  phases  arise  thou^  these  exist 
near  either  the  top  surface  or  the  bottom  one. 

For  if  <0  and  H  directed  along  the  anisotropy  axis  the 
second  phase  diagram,  shown  in  Fig.  2,  includes  the  same 
phases  as  in  Fig.  1  although  there  are  some  important  differ¬ 
ences  in  the  critical  field  lines.  The  stability  conditions  are 
given  by  Eqs.  (2)-(6)  with  changing  K  to  -K.  The  phases 


It  is  clear  from  the  forgoing  work  that  inhomogeneities 
in  magnetization  can  occur  in  SL  structures.  Consequently 
we  turn  to  the  problem  of  how  much  inhomogeneities  affect 
MO  properties  of  SLs.  Though  the  above  analysis  is  appli¬ 
cable  to  in-plane  magnetization  we  present,  in  the  first  in¬ 
stance,  a  consideration  of  the  polar  Kerr  effect,  since  this  is 
of  particular  interest  for  magneto-optic  recording  and  can  be 
dealt  with  rather  easily  in  certain  situations. 

The  simple  differential  reflectance  approach  for  dealing 
with  this  can  be  applied  in  the  specific  case  where  the  iso¬ 
tropic  refractive  index  n  is  constant  throughout  the  whole 
SL,  having  a  total  thickness  d,  but  the  MO  parameter  Q(z) 
varies  arbitrarily  with  z.  Our  aim  is  to  find  the  Kerr  rotation 
0  and  ellipticity  tj  (state  of  polarization  of  reflected  plane 
wave)  provided  the  incident  wave  is  linearly  polarized.  To 
begin  with,  one  considers  an  elemental  layer  of  thickness  Sz 
{<KI2tt  |rt|),  buried  to  a  depth  z  in  the  SL.  In  the  first  in¬ 
stance  we  need  only  consider  the  MO  effect  of  this  element 
and  do  so  by  assuming  that  the  rest  of  the  medium  is 
nonmagnetic.®  It  may  be  shown  that  the  elemental  Ken  com¬ 
ponent  Sk  resulting  from  this  buried  layer  is  given  by 

Sk=BQaQ{z)(e"^+Bie-“^+Bz)Sz,  (7) 

where  a=2ikon,  ko=27rl\,  B2=2r,e“‘‘, 

Bo=*«[(I+«)(l  +  '■o'■ie““)]'*^  Tq  and  are  the  isotropic 
Fresnel  amplitude  reflection  coefficients  at  the  air/film  and 
film/substrate  interfaces,  respectively.  At  this  point  we  in¬ 
voke  the  general  principle  of  superposition  which  applies  to 
first-order  MO  effects.®  This  principle  states  that  the 
magneto-optically  induced  electric  field  components  result¬ 
ing  fi:om  an  interaction  of  the  wave  with  a  magnetic  multi¬ 
layered  system  are  a  linear  superposition  of  the  complex  MO 
electromagnetic  field  components  due  to  individual  magnetic 
elements  in  the  system,  where  the  fields  associated  with  each 
element  are  calculated  on  the  basis  that  the  rest  of  the  system 
is  non-magnetic.  It  therefore  follows  that  the  Kerr  compo¬ 
nent  for  the  whole  SL  is  given  by 

k=aBJ‘‘Q{z)ie‘‘^+Bie-“^+B2)dz.  (8) 
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FIG.  3.  Normalized  Kerr  angle  BlSf  and  ellipticity  rjlif  vs  the  parameter 
ph  of  the  inhomogeneity  whose  distribution  over  a  period  is  shown  in  the 
inset. 

For  many  functions,  Q{z),  analytical  expressions  for  k  can 
be  easily  obtained  from  (8).  Moreover,  since  $+itj=klr 
(k<^r),  where  r  is  the  amplitude  reflectance  of  the  whole  SL 
and  is  given  by  the  reiterative  reflectance  formula,’  the  com¬ 
plex  Kerr  rotation  can  be  determined. 

As  an  illustration  we  consider  an  infinite  periodic  SL 
(d-+o®).  Each  period  is  a  bilaycr.  Its  first  layer  is  homoge¬ 
neous  with  Qi=Qo  and  the  second  is  inhomogeneous  with 
Q2=Qq<Ii(z),  where  ^z)»cosh/3(/»-2z)/cosh;3/i.  The 
thicknesses  are  both  equal  to  h  and  the  inhomogeneity  factor 
determines  how  rapidly  fia  varies  with  distance  from  the 
interface.  The  variation  of  Q  over  a  period  is  shown  in  the 
inset  in  Fig.  3.  For  X=633  nra,  A=io  nm,  «  =  2+f4,  and 
Co =~0'008+f 0.017,  Fig.  3  shows  that  the  Kelt' angle  and 
the  ellipticity,  normalized  respectively  to  those  at  /3=0 
= -0.178+10.152®),  are  sensitive  to  the  in- 
homogeneity.  For  the  second  layer  becomes  homoge¬ 
neous  and  the  state  of  polarization  tends  to0+i?7=-O.lll 
+/0.121®,  being  equivalent  to  the  case  where  Q2=0-  If  the 
latter  is  assumed  beforehand  then,  for  instance,  at  ^h-5 
relative  errors  in  0  and  7  are  seen,  from  Fig.  3,  to  be  —11% 
and  —5%,  respectively.  At  j8/i  =  10,  its  influence  being  less, 
the  errors  are  only  -6%  and  —3%.  The  example  given 
serves  as  a  preliminary  illustration  to  the  more  general  state¬ 
ment  that  the  inhomogeneities  may  not  always  b-’  neglected 


in  the  study  of  the  polar  Kerr  effect.  This  may  be  particularly 
important  when  determining  the  optical  constants,  of  SLs 
from  experimerital  data. 

CONCLUSION 

Spin-reorientation  phase  transitions  in. anisotropic  mag¬ 
netic  superlattices  have  been  studied  theoretically  within  the 
framework  of  the  new  approach,  the  presence  of  an  outer 
surface  is  shown  to  change  magnetization  processes  and 
phase  diagrams  considerably.  New  surface  spin  configura¬ 
tions  have  been  found.  An  anisotropy  of  the  surface  layer 
determines  the  type  of  phase  transitions  into  the  surface  mag¬ 
netic  phases  (first  or  second  order).  If  the  external  field  is 
applied  along  the  hard  axis  then  these  phases  are  observed 
only  for  certain  values  of  the  relative  magnetic  moment  /*. 
For  the  field  applied  along  the  easy  axes  the  surface-twist 
phase  arises  in  the  magnetization  process  at  any  fi.  Spatial 
inhomogeneities  in  the  magnetization  distribution  can  influ¬ 
ence  MO  properties  of  SLs.  To  show  this,  the  polar  Kerr 
effect  has  been  considered  phenomenologically  at  normal  in¬ 
cidence  assuming  the  MO  Q  parameter  is  an  arbitrary  func¬ 
tion  of  the  distance  from  the  interface.  A  simple  procedure  of 
computing  the  state  of  polarization  of  the  reflected  wave  has 
been  developed.  The  results  presented  allow  us  to  take  into 
account  inhomogeneous  systems  and  therefore  we  have  the 
potential  to  explain  important  features  in  the  magnetic  and 
MO  properties  of  superlattices. 
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The  magnetic  and  magneto-optical  properties  of  Co,  Cr^  Mn,  and  Ni 
substituted  biHuth  ferdte  filitis 

R.  Carey,  P.  A.  Gago-Sandoval,  D.  M.  Newman,  and  B.  W.  J.  Thomas 
Centre  for  Data  Storage-Materials,  Coventry  University,  Coventry  CVl  5FB,  United  Kingdom 

Using  rapid  thermal  processing  (RTP)  we  recently  demonstrated  the  production  of  high  quality  well 
ordered  barium  ferrite  films  in  times  much  shorter  than  those  required  by  a  conventional  annealing 
process.  Influence  over  the  magnetic  and  structural  properties  developed  in  annealed  samples  was 
also  achieved  by  variation  of  the  RTP  heating  profile  (R.  Carey,  P.  A.  Gago-Sandoval,  D.  M. 
Newman,  and  B.  W.  J.  Thomas,  presented  at  Intermag-93,  StoclAolm,  April  13-16,  1993).  It  is 
known  that  the  magneto-optic  properties  of  barium  ferrite  can  be  enhanced  by  selective  substitution 
of  some  of  the  Fe  by  Co^’*'  and  Ti'*'*^  albeit  at  the  expense  of  reducing  the  magnetic  anisotropy.  A 
multitarget  scanning  cosputtering  process  has  been  used  in  conjunction  with  rapid  thermal 
processing  to  produce  a  series  of  barium  ferrite  films  in  which  Co,  Cr,  Mn,  Ni  are  selectively 
introduced  to  substitute  for  between  5  and  20  at.  %  of  the  Fe.  A  corresponding  percentage  of  Ti  is 
also  added  to  maintain  charge  compensation.  The  magnetic  and  magneto-optic  properties  of  these 
films  are  presented  and  discussed  with  reference  to  their  composition  and  treatment  respect  to  the 
properties  of  barium  ferrite. 


INTRODUCTION 

Following  a  long  development  period,  first  generation 
optical  data  storage  systems  using  erasable  magneto-optic 
materials  based  on  the  rare-earth  transition-metal  alloys  are 
now  available.  They  have  been  well  tailored  with  respect  to 
their  magnetic,  magneto-optical,  and  recording  properties  at 
laser  wavelengths  around  800  nm.  However,  both  the  figure 
of  merit^  at  shorter  wavelengths  and  the  long  term  stability 
of  these  materials  is  less  than  satisfactory. 

With  new  techniques  developed  to  prepare  garnets  and 
ferrite  thin  films,^"^  magnetic  oxides  again  become  potential 
candidates  for  the  magneto-optical  recording  material.  While 
oxide  thin  films  are  able  to  overcome  some  of  the  major 
deficiencies  of  the  rare-earth  transition  metal  alloy  films, 
some  properties  of  these  materials,  e.g.,  the  uniaxial  anisot¬ 
ropy,  the  coercivity,  the  grain  size,  and  the  high  crystalliza¬ 
tion  temperature,  require  further  improvement  for  the  optical 
recording  application. 

Our  investigation  indicates  that  barium  ferrite  films  have 
a  marked  uniaxial  anisotropy  and  good  squareness  of  the 
in-plane  hysteresis  loop  but  the  magneto-optical  response  re¬ 
mains  quite  poor,  especially  at  laser  wavelengths  around  650 
nm.  The  use  of  RTP  has  already  reduced  both  the  grain  size 
and  the  annealing  times  to  acceptable  levels. 

It  is  known  that  magneto-optical  (MO)  effects  in  garnets 
and  ferrite  materials  for  optical  recording^  mav  be  substan¬ 
tially  enhanced  by  ion  substitution.  In  bai-ium  ferrite,  substi¬ 
tution  using  Co^^  ions  has  already  been  the  subject  of  many 
reports,’"*®  but,  so  far,  non  has  considered  other  substitutions 
using  elements  with  similar  ionic  radii  to  iron  and  the  result¬ 
ant  effect  on  both  the  magnetic  and  the  magneto-optic  prop¬ 
erties. 

In  this  paper  we  present  an  investigation  of  the  magnetic 
and  magneto-optical  properties  of  barium  ferrite  with  some 
iron  substitution  by  Co,  Cr,  Mn,  and  Ni. 


EXPERIMENTAL  TECHNIQUES 

Films  of  Co,  Cr,  Mn,  and  Ni  substituted  barium  ferrite 
were  prepared  by  a  combination  of  dc  and  rf  magnetron 
cosputtering  in  a  multitarget  Nordiko  2000  system  onto  un¬ 
heated  Vycor  glass  substrates.  Each  deposition  utilized  three 
separate  targets:  (1)  barium  ferrite  (rf),  (2)  the  substitution 
ion  (Co,  Cr,  Mn,  Ni)  (dc),  and  (3)  titanium  for  charge  com- 
pv^nsation  (dc).  The  sputtering  parameters  used  followed 
those  already  published**  (see  Table  I)  and  depositions  were 
arranged  to  provide  all  samples  with  a  thickness  close  to  200 
nm,  with  the  concentration  of  the  substitution  element  Co, 
Cr,  Mn,  or  Ni  varying  between  5  and  20  at.  %.  The  compo¬ 
sitions,  shown  in  Table  II,  were  determined  using  energy 
dispersive  x-ray  analysis  (PV9160)  in  a  Philips  SEM505 
scanning  electron  microscope.  A  vibrating  sample  magneto¬ 
meter  and  a  polar  Kerr  loop  plotter  were  used  to  provide  the 
ferrimagnetic  and  magneto-optical  properties. 

All  the  as-deposited  samples  were  essentially  nonmag¬ 
netic  and  amorphous.  A  post  deposition  heat  treatment,  using 
the  RTP  system,**  was  necessary  to  develop  any  ferrimag¬ 
netic  or  magneto-optical  properties.  Samples  were  therefore 
annealed  in  vacuum,  for  3  min  and  30  s  at  810  °C  achieved 
using  a  linear  heating  rate  of  35  °C  s~*  and  a  constant  pre¬ 
determined  duty  cycle,  intended  to  avoid  any  differences  in 
microstructure  between  samples  that  might  be  produced  by 
different  heat  treatment,**  followed  by  slow  cooling. 


TABLE  I.  Sputtering  conditions. 


Sputtering  parameter 

Range 

Background  pressure 

<4X10"’' Torr 

Sputtering  pressure 

12X10'^  Torr 

Argon:  oxygen  ratio 

2.3:1 

Substrate  temperature 

20  °C 

Target  power  densities 

0.2Wcm"^-1.5  Wem"^ 

Scanning  speed 

7  r.p.m. 
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TABLE  n..  Comparative  results  for^bariiim  ferrite  substitution. 


Ion 

■.  ’  't 

Comp 
(at.  %) 

Saturation 

polar 

rotation 

a.c 

(Oe) 

Mr 

'•(%) 

670 

825 

Perp 

Pllel 

Perp 

pilcl 

Go 

5.0 

0.140 

-0.058 

627,0 

600.0 

17.0 

45.0 

10.0 

-0.071 

-0.063 

909.1 

675.8 

22.2 

50.0 

15,6 

0.021 

-0.050 

450.0 

550.0 

10.0 

40.0 

Ni 

5.0 

0.076 

-0.043 

696.3 

667.5 

15.5 

37.0 

10.0 

0.021 

-0.021 

174.1 

379.3 

15.0. 

40.0 

15.0 

... 

.0.059 

302.0 

414.8 

15.0 

25.0 

20.0 

0.035 

0.048 

... 

nil 

nil 

Mn 

5.0 

-0.121 

0.090 

294.5 

978.6 

5.0 

40.0 

10.0 

... 

0.083 

481.6 

491.6 

22.5 

31.5 

Cr 

1.0 

0.056 

0.034 

754.2 

467.7 

17.0 

35.0 

30.0 

0.087 

0.033 

105.5 

1269.5 

<5.0 

60.0 

BaFe 

99.9 

0.010 

-0.070 

714.3 

785.4 

34.0 

62.0 

I 


RESULTS 

The  results  of  this  study  are  shown  in  Table  II.  In  general 
it  can  be  seen  that,  for  most  samples,  the  saturation  Kerr 
rotation  at  670  nm  is  enhanced  compared  with  the  rotation 
pioduced  by  a  barium  ferrite  film'^  but  that  there  is  only  a 
slight  improvement  at  825  nm  for  Mn  substitution. 

A  5  at.  %  Co  substitution  provides  the  maximum  satura¬ 
tion  polar  Kerr  rotation  at  670  nm  of  0.14°,  in  good  agree¬ 
ment  with  other  authors,®  while  at  825  nm  the  measured 
rotation  is  less  than  that  for  the  barium  ferrite  film.  When  the 
Co  content  is  increased  to  10  at.  %  the  saturation  rotation  at 
670  nm  is  reduced  to  -0.071°  and  becomes  -0.063°  at  825 
nm.  Further  increase  in  the  Co  content  leads  to  a  magneto¬ 
optic  response  close  to  that  for  a  pure  cobalt  film. 

The  magnetic  properties,  as  measured  by  the  vibrating 
Su  'e  magnetometer,  follow  a  similar  pattern  so  that  a  hys- 
teivais  loop  for  the  high  concentration  Co  substitution  film  is 
very  similar  to  that  for  a  pure  cobalt  film  of  similar  thick¬ 
ness.  For  the  smallc.'  Co  concentrations,  hysteresis  loops  are 
generally  S-shaped  with  similar  loops  (and  coerch  ities)  be¬ 
ing  obtained  for  directions  both  perpendicular  and  parallel  to 
the  film  plane. 

There  have  been  several  sUidies  of  the  magnetic  proper¬ 
ties  barium  ferrite  films  with  Ni  substitution.*^  The  magneto¬ 
optical  results  in  Table  II  show  a  similar  behavior  to  that  for 
Co  substitution  but  with  a  smaller  Kerr  rotation  at  825  nm 
compared  with  that  for  the  pure  barium  ferrite  film.  For  the  5 
at.  %  Ni  substitution  the  Kerr  rotation  at  670  nm  is  again 
enhanced.  The  hysteresis  loop,  and  particularly  the  rema- 
nence,  seems  to  be  more  sensitive  to  Ni  substitution  than  Co 
substitution  going  to  a  reduced  remanence  of  15%  of  the 
;  .uration  value  for  only  5  at.  %  Ni  and  eventually  vanishing 
at  20  at.  %  Ni. 

For  Mn  substitution,  the  saturation  Kerr  rotations  pro¬ 
duced  are  in  a  similar  range  to  those  for  Co  substitution,  but 
the  magnetic  hysteresis  loops  for  these  samples  became  quite 
irregular. 


For  Cr  substitution  the  saturation  Kerr  rotation  is  again 
small,  but  the  in-plane  hysteresis  loop  showed  a  surprisingly 
large  remanence  and  coercivity  when  the  Cr  concentration 
approached  30  at.  %. 

CONCLUSION 

The  results  presented  in  this  paper  indicate  that  substitu¬ 
tion  of  some  of  the  Fe  in  barium  ferrite  thin  films  by  small 
concentrations  (generally  about  5  at.  %)  of  elements  of  the 
same  periodic  family  can  provide  a  significant  enhancement 
of  the  saturation  polar  Kerr  rotation  at  shorter  wavelengths. 
Unfortunately,  there  is  no  associated  improvement  in  the 
magnetic  properties  of  the  films  and  only  in  those  cases 
where  the  substitution  element  has  similar  magnetic  charac¬ 
teristics  to  iron  (e.g.,  Co,  Ni)  are  the  hysteretic  properties 
easily  measured.  For  the  cases  of  Mn  and  Cr  substitution,  the 
smaller  magnetic  moments  produced  a  generally  small  signal 
and  therefore  noisy  hysteresis  loops. 

With  the  higher  concentrations  of  Co  and  Ni,  the  mag¬ 
netic  properties  of  the  substituted  samples  became  similar  to 
those  of  thin  films  of  the  pure  elements. 
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Anisotropy  of  the  magne^^  and  magnetooptic  properties  of  HolG:AI  single 
ciystais  (Ibw  ahd  high  magnetic  field) 

J.  Ostdrero 

Laboratoire  de  Chimie  Metallurgique  et  Spectroscopic  des  Torres  Rares,  CNRS,  92195  Meudon  Cedex, 

France 

M.  Guillot 
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France  and  Service  National  des  Champs  Intenses-Max  Planck  Institut,  CNRS,  38042  Grenoble  Cedex, 

France 

Magnetization  and  Faraday  rotation  measurements  at  1152  nm  have  been  performed  on 
Ho3Fe5_^/\ljOj2  (z=0.45)  single  crystals  as  a  function  of  temperature  and  magnetic  field  oriented 
along  the  3  crystallographic  axes  [100],  [110],  and  [111]  in  both  experiments.  A  strong  anisotropy 
is  observed  at  low  temperature  (r<100,K),  although  the  Faraday  susceptibility  remains  anisotropic 
until  rro„p=185  K.  High  field  magnetization  measurements  {H  up  to  200  kOe)  show  that  the  FR 
anisotropy  is  mainly  of  magnetic  origin.  The  results  are  interpreted  on  the  basis  of  the 
Dionne-refined  Neel  model  of  ferrimagnetic  garnets  using  a  field  dependent  canting  angle. 


I.  INTRODUCTION 

In  ferrimagnetic  rare  earth  iron  garnet  of  formula 
RE3FejOi2  (REIG),  the  magnetic  ions  are  distributed  over 
three  crystallographic  sites  with  sublattice  magnetizations 
Ma  (octahedral  site  16<j:  [Fe^^]),  Mj  [tetrahedral  site  24d: 
(Fe^’*^)]  and  M^.  (dodecahedral  site  24c:  {RE^'^}).*"^  The 
Fe[a]~Fe(</)  superexchange  interactions  determine  the 
Neel  temperature  (Tjv=560  K)  for  all  REIGs.  Furthermore, 
in  heavier  rare  earth  garnets,  there  exists  a  compensation 
temperature  T,x>mp  which  the  bulk  magnetization  vanishes. 
In  pure  HoIG,  Tcomp-l^?  K.  At  low  temperatures,  when 
both  crystal  field  and  exchange  anisotropies  become  of  the 
same  order  of  magnitude,  an  onset  of  noncollinear  ordering 
takes  place  in  the  {c}  sublattice  as  shown  by  neutron  diffrac¬ 
tion  experiments.'*’* 

In  REIGs,  the  near  IR  Faraday  rotation  (FR)  is  the  sum 
of  the  gyroelectric  and  gyromagnetic  contributions  propor¬ 
tional  to  the  three  magnetic  sublattices  magnetizations.*  As 
Me  is  mainly  determined  by  the  molecular  field  created  by 
the  two  Fe*"^  sublattices  and  the  applied  magnetic  field  H, 
the  substitution  of  Al*^  for  Fe*^  ions  allows  for  the  decrease 
of  their  contribution  to  the  molecular  field  on  the  RE  sublat¬ 
tice,  thus  increasing  the  influence  of  the  external  field  on  the 
properties  of  the  compound.  The  different  molec  ’ar  field 
coefficients  Ngj ,  ,  and  Njj  originally  determined  for 

YIG  are  equally  suitable  for  all  other  REIGs.’"’  Further¬ 
more,  for  heavier  RE  garnets,  fits  of  good  quality  were  ob¬ 
tained  by  reduction  of  the  net  moment  in  the  {c}  sublattice 
using  a  canting  angle 

In  this  work  we  investigated  the  magnetic  and  magne¬ 
tooptic  properties  of  Ho3Fe5_^AljOj2  (z=0.45)  single  crys¬ 
tals  as  a  function  of  temperature  and  magnetic  field  oriented 
along  the  3  crystallographic  axes  [100],  [110],  and  [111]  in 
both  experiments.  Al*^  ions  are  distributed  over  the  [a]  and 
(d)  sites  and  the  formula  of  the  garnet  can  be  written:  {H03} 
[Fe2_;tAlJ  (Fe3_^Al^)  O12  with  z=x+y  andy^x.* 


II.  EXPERIMENT 

Single  crystals  of  composition  Ho3Fe5_^AljOi2  were 
grown  by  our  method  of  flux  growth  under  10  bar  of  oxygen 
pressure.**  Three  [100],  [110],  and  [111]  oriented  platelets 
~2  mm  thick  were  cut  from  the  same  crystal  in  order  to 
minimize  chemical  composition  differences.  They  were  used 
“as  grown”  both  for  magnetic  and  FR  experiments.  Electron 
microprobe  analysis  carried  out  on  the  platelets  gives  z= 0.45 
(±l%-2%). 

Magnetization  (M)  measurements  were  performed  from 
4.2  to  300  K  in  a  magnetic  field  up  to  200  kOe.  Data  are 
expressed  in  Bohr  magnetons,  for  one  formula  unit 
Ho3Fe5_jAliOi2.  FR  measurements  were  obtained  at  1152 
nm  wavelength  from  6  K  to  Curie  temperature,  with  H  up  to 
20  kOe.  This  wavelength  is  located  on  the  rise  at  300  K,  and 
outside  »'  low  temperature,  of  the  transition”  indi¬ 

cating  that  the  FR  measurements  correspond  main]>  to  a  dis- 


FIG.  1.  Temperature  dependence  of  the  spontaneous  magnetization  M, . 
Broken  line;  calculated  curve.  Inset:  low  temperature  magnetization  iso- 
thenns  M(H)  (0-200  kOe). 
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FIG.  2.  Temperature  dependence  of  the  spontaneous  Faraday  rotation  <t>, . 
Arrow  indicates  Inset:  low  temperature  FR  isotherms  ^(H)  (0-20 
kOe). 

persive  effect.  In  both  cases,  H  was  applied  parallel  to  the 
normal  of  the  platelets.  Tlie  estimated  precision  of  the  mag¬ 
netization  and  FR  results  is  ±2%. 

Hi.  RESULTS  AND  DISCUSSION 

Low  temperature  isotherms  of  magnetization  and  FR  are 
plotted  in  Figs.  1  and  2  for  the  three  main  crystallographic 
orientations.  For  6<H<20  kOe,  they  present  a  linear  varia¬ 
tion  according  to  M=Mi+XMff  ^nd  The 

spontaneous  magnetization  A/j  and  spontaneous  FR  ‘tj  of 
the  crystals  and  their  corresponding  susceptibilities  xm 
Xf  are  obtained  by  extrapolating  this  linear  part  to  // =0.  The 
temperature  dependencies  of  M^iT)  and  ^^(r)  are  reported 
in  Figs.  1  and  2,  respectively. 

We  observed  that  [111]  is  the  easy  axis  of  magnetization 
and  [100]  the  hard  axis  as  i"  pure  HoIG.  At  4.2  K  saturation 
along  the  [110]  axis  is  attained  at  //~200  kOe  (Fig.  1)  which 
confirms  that  it  is  an  intermediate  direction.  A  similar  situa¬ 
tion  is  found  concerning  the  FR  isotherms.  However,  below 
100  K,  the  limited  magnetic  field  range  does  not  permit  to 
observe  the  saturation  for  [110]  and  [100]  direction.  Both 
properties  lead  to  a  compensation  temperature  r^nip^lSS  K 
(±3  K),  whereas  7’jy=500  K  (Fig.  2).  In  the  spontaneous 
state,  the  anisotropic  character  of  both  magnetic  and  MO 
properties  decreases  rapidly  with  temperature  and  disappears 
at  about  100  K.  However  the  FR  susceptibility  is  isotropic 
above  only  (Fig.  3).  It  is  to  be  noted  that,  in  compari¬ 
son  to  pure  HoIG,*^  in  a  large  temperature  range,  with  the 
exception  of  the  shift,  the  spontaneous  FR  values  are 
less  affected  than  the  magnetization  values  by  A1  substitu¬ 
tion:  e.g.,  at  300  K  the  value  shows  a  variation  of  60%, 
whereas  value  is  divided  by  2.7. 

On  the  basis  of  the  Dionne  refined  Neel  model,^ 
the  fenite  magnetization  is  simply  written: 

=\M M a- M i.\.  The  respective  sublattice  magnetizations 
are  represented  by  Brillouin  functions  [Eq.  (1)  of  Ref.  7].  It 
is  noticeable  that  to  reproduce  the  experimental  values  of 


0  100  200  300  400'J'(‘^)  500 


FIG.  3.  Temperature  dependence  of  the  FR  susceptibility  xf  •  Anow  indi¬ 
cates  Tcamf  ■  Inssb  temperature  dependence  of  the  magnetization  suscepti¬ 
bility  Xm  (6-20  kOe). 

both  Fe^^  sublattice  moments  at  0  K,  a  correction  which 
originates  from  local  canting  was  introduced  [Eq.  (6)  of  Ref 
7].  The  inter  and  intra  sublattices  interactions  are  represented 
by  the  molecular  field  coefficients  previously  determined  in 
YIG:A1: 

-65(1-0. 42>')  (molecm"^),  (1) 

-30.4(1 -0.43x),  (2) 

JV«d=^da  =  97(l-0.125x-0.127y).  (3) 

Using  Van  Erk’s  thermodynamic  model*'*  and  assuming 
that  the  “as  grown”  samples  correspond  to  a  quenching  tem¬ 
perature  of  -1173  K,  x=0.02  and  >-=0.43.  The  Ho^’*’-Fe^'*^ 
exchange  interactions  for  z=0.45  can  be  described,  in  a  first 
approximation,  by  the  molecular  field  coefficients  of  pure 
HoIG:’ Ar„,=N,„= -2.1;  N„=0. 

To  complete  the  review  of  our  hypotheses  it  is  important 
to  remark  that  to  take  into  account  the  spin  canting  in  the  {c} 
sublattice,  first  the  “effective”  quantum  number  of  the  Bril¬ 
louin  function  was  choosen  equal  to  cos((p),  second  the 
magnetic  moment  at  0  K  was  written:® 

Afc(0)  =  3g<,/ifl/c  cos((p),  (4) 

with  7<.=8,  (p=51.5°,  and  gc=5/4  as  in  pure  HoIG.’ 

9  is  considered  temperature  independent.®  Using  this 
model,  the  temperature  dependences  of  the  magnetic  proper¬ 
ties  of  HoIG:Al  were  calculated  using  an  iterative 
procedure.*^’*®  As  shown  in  Fig.  1,  in  the  spontaneous  state, 
there  is  a  good  agreement  (maximum  difference  of  4%  at  4.2 
K)  between  theory  and  our  [111]  experimental  data  in  the 
4.2-3(X)  K  temperature  range.  In  contrast,  attempts  to  fit  the 
magnetization  curves  M{H)  for  any  temperature  reveals  a 
large  discrepancy  with  the  experimental  isotherms.  More 
precisely,  the  calculated  susceptibilities  are  twice  the  ob¬ 
served  values  (Fig.  3).  Above  a  very  reasonable  order 
of  magnitude  of  can  be  simply  deduced  from  the  differ¬ 
ence  between  A/(HoIG:Al)  and  M(YIG:A1)  for  the  same  z. 
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FIG.  4.  Isothenns  of  the  field  dependence  of  the  canting  angle  ¥y(/f)  (P- 
200  kOe)  for  r<T„„p.  Temperature  independent  <p(H=Q)  of  Dionne  s 
model  (see  Ref.  9)  is  represented  by  *. 


T,  and  H  conditions.  In  the  190-300  K  temperature  range, 
the  A/p  contribution  tends  to  zero  when  H  lies  within  the  75 
kOe  range.  This  situation  suggests  that  a  canting  angle  of  90** 
within  the  {c}  sublattice  accounts  for  the  zero  M^.  moment; 
the  extension  of  this  conclusion  leads  to  a  field  and  tempera¬ 
ture  dependent  canting  angle 

Using  the  set  of  molecular  field  coefficients  [Eqs.  (1)- 
(4)],  the  spin  canting  angle  needed  to  fit  within  ex¬ 
perimental  accuracy  any  isothermal  magnetization  curve  of 
the  HoIG.'Al  ferrite  was  determined.  The  main  role  of  <p  on 
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FIG.  5.  Isotherms  of  the  field  dependence  (10-200  kOe>  for 

I'^^canp- 


the  calculation  of  Me  is  underscored  in  the  precedent  lines. 
The  so-obtained  curves  shown  in  Figs.  4  and  5  con¬ 
firm  the  strong  influence  of  the  applied  magnetic  field  with 
two  different  behaviors  below  and  above  Tcomp-  Below  185 
K,  the  decrease  of  <pj-  when  H  increases  represents  the  ten¬ 
dency  of  Me  to  align  parallel  to  the  external  field.  However, 
even  for  H=200  kOe  the  (pj-  change  remains  relatively  lim¬ 
ited  (30%).  On  the  contrary,  above  Teompr  ^  important 
variation  of  (pj  which  illustrates  a  progressive  rotation  of  Me 
from  51.5°  to  130°  is  evidenced.  In  both  cases  when  H  van¬ 
ishes  towards  0,  (pj— >~51.5°  of  pure  HoIG.® 

iV.  CONCLUSION 

In  this  paper,  the  magnetic  and  FR  properties  of  A1  sub¬ 
stituted  Holmium  garnet  were  studied.  At  low  temperature 
(r<100  K)  the  spontaneous  state  of  the  studied  garnet  pre¬ 
sents  a  very  pronounced  anisotropic  character.  This  anisqt- 
ropy,  attributed  to  Ho^'*',  persists  until  rco„,p=185  K  for  FR 
susceptibility.  Similar  results  were  previously  observed  for 
other  heavier  rare  earth  garnets  like  DylG  and  ErlG.^’ 

To  describe  the  HoIG:Al  ferrite  magnetization,  the  Di¬ 
onne’s  model  was  used,  with  the  Ho^’*'-Fe^'*'  molecular  field 
coeflicients  of  pure  HoIG.  In  the  spontaneous  state,  the  prop¬ 
erties  are  explained  with  a  Brillouin  function  modulated  by  a 
spin  angle  of  51.5°  independent  of  temperature  as  proposed 
by  Dionne.  On  the  contrary,  a  field  dependent  canting  angle 
(Pj{H)  has  to  be  used  to  interpret  the  high  field  M{H) 
curves.  TVo  different  behaviors  of  (Pi{H)  were  observed  be¬ 
low  and  above  Teomp  • 
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Measurement  of  the  Faraday  effect  of  garnet  film  in  alternating 
magnetic  fields 
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A  method  of  measuring  the  peak  value  of  the  Faraday  rotation  (hereafter  referred  to  as  the 
dynamic  Faraday  rotation)  induced  by  an  alternating  magnetic  field  is  described.  It  requires  accurate 
measurement  of  the  fundamental  and  the  second  harmonics  of  the  photodetector  currents.  The 
sample  is  a  (BiPrGdYb)3(FeAl)50i2  magneto-optic  garnet  film  prepared  by  liquid  phase  epitaxy. 
Using  Re  presented  method,  we  successfully  measured  the  dynamic  Faraday  rotation  in  the  garnet 
film  at  the  near  infrared  wavelength  1.55  pm  of  the  light  beam.  The  result  shows  that  Faraday 
rotation  induced  by  an  alternating  magnetic  field  is  proportional  to  ac  current  and  decreases  with 
increasing  ac  frequency.  The  method  is  simple,  general,  accurate,  and  can  be  used  at  any  ac 
frequency.  Experimental  errors  in  our  measurement  are  analyzed  and  an  accuracy  better  than  2%  can 
be  obtained.  Finally,  some  of  the  factors  which  may  influence  the  measurement  results  are 
discussed. 


INTRODUCTION 

In  recent  years,  the  magneto-optical  devices  based  on 
magneto-optic  garnet  film  have  found  wide  applications  in 
optical  communication  and  optical  processing.^  When 
magneto-optic  garnet  film  is  placed  in  an  alternating  mag¬ 
netic  field,  its  magnetization  varies  correspondingly  to  result 
in  a  dynamic  Faraday  rotation.  The  Faraday  effect  in  alter¬ 
nating  magnetic  fields  is  the  basis  for  modulator^  and  mag¬ 
netic  field  sensors.^  Therefore,  it  is  of  great  importance  to 
know  and  understand  the  magneto-optical  characteristics  of 
garnet  film  in  an  alternating  magnetic  field.  Although  the 
research  on  the  frequency  characteristic  of  the  Faraday  rota¬ 
tion  in  some  materials  such  as  FR-5  glass  and  CdMnTe  have 
been  reported,^’^  few  of  the  research  efforts  have  been  fo¬ 
cused  on  garnet  films.  In  this  paper,  we  present  a  technique 
for  measuring  the  peak  value  of  Faraday  rotation  in  an  alter¬ 
nating  magnetic  field.  The  dependence  of  dynamic  Faraday 
rotation  on  frequency  and  current  is  measured  at  the  near 
infrared  wavelength  of  the  light  beam.  Finally,  the  factors 
influencing  the  measuring  precision  are  discussed  and  an  ap¬ 
proximate  formula  for  evaluating  the  measurement  error  is 
given. 


PRINCIPLE  OF  MEASUREMENT 

The  configuration  of  measuring  cell  is  shown  in  Fig.  1. 
The  magneto-optic  garnet  film  is  placed  in  the  coil  which 
provides  an  alternating  magnetic  field.  Let  0°  (reference)  and 
(90“+$)  be  the  polarization  directions  of  the  polarizer  P  and 
the  analyzer  A  respectively.  Neglecting  the  nonlinear  re¬ 
sponse  of  dynamic  Faraday  rotation  with  respect  to  the  ac 
field,  the  polarization  rotation  induced  by  the  sample  in  field 
H  sin  (ot  is  sin  wt.  According  to  Malus  law,  after  the 
light  has  passed  through  P.  A,  the  light  intensity  is  given  by 

/=/o[cos^(90°  +  d>+4>f  sin  wr)],  (1) 

where  Ig  is  the  intensity  of  input  laser  beam  and  <Pp  is  the 


peak  value  of  the  dynamic  Faraday  rotation.  When 
0=2<Pp  sin  wt,  sin  Oand  cos  ^can  be  expanded  into  sums  of 
Bessel  function  J„  of  the  first  kind® 

sin  0=2  2  ‘^«(2'tf)sin  nwt,  (2) 

n:odd 

COS  0=7o(2d)|r)  +  2  2  J„(2<t>p)cos  ntot.  (3) 

rticvcn 

Using  Eqs.  (2)  and  (3),  it  is  easy  to  see  that  Eq.  (1)  can  be 
rewritten  as 

2///o=1-/o(2‘1’f)cos  24>  +  2Jj(2$f)sin  2$  sin  cat 

-2J2{2^p)cos  2d>  cos  2(ot 

+73(2$f)sin  2$  sin  3wr...  (4) 

When  d>=0°,  i.e.,  P  and  A  perpendicular  to  each  other,  the 
first  harmonic  If  becomes  zero,  but  the  second  harmonic  I2  / 
reaches  maximum.  Let  \  be  the  ratio  between  1 2  /  and  If. 
When  P  and  A  deviate  from  perpendicular  position, 

\=l2  flIf=J2{2^F)cos  2«I>/Ji(2$^)sin  2$.  (5) 

If  we  measure  X  and  di,  can  be  calculated. 


Coll 


FIG.  1.  Configuration  of  measuring  cell. 
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FIG.  2.  The  experimental  a^aratus'  fofmeasuring  the'  dynamic  Faraday 
effect  in  the  (BiPrGdYb)3(FeAl)50)j  magneto-optic  garnet.film. 

MEASUREMENT  AND  RESULT 

In  our  experiment,  the  sample  was  a  .nagneto-optic  gar¬ 
net  film  with  a  (BiPrGdYb)3(FeAl)50i2  composition  grown 
on  (111)  oriented  gadolinium  gallium  garnet  (GGG)  sub¬ 
strate  by  liquid  phase  epitaxy  (LPE)  The  coercivity  is  3 
Oe,  and  the  saturation  magnetic  field  is  320  Oe.  The 
hysteresis  loop  is  close  to  a  straight  line.’  Therefore,  only  the 
fundamental  harmonic  component  of  dynamic  Faraday  rota¬ 
tion  need  be  considered.  The  measurement  system  is  shown 
in  Fig.  2.  The  light  source  used  fo;  the  measurement  was  a  3 
mW  stabilized  He-Ne  laser  operating  at  1.55  /im.  For  both 
the  polarizer  (P)  and  the  analyzer  (A),  we  chose  a  Glan- 
Thompson  prism  with  an  extinction  ratio  <10~®.  The  trans¬ 
mitted  light  after  the  analyzer  was  detected  by  the  Ge  detec¬ 
tor.  The  output  of  the  detector  was  connected  to  the  input  of 
EG&G  128A  lock-in  amplifier.  The  reference  signal  came 
from  the  oscillator  which  also  provided  the  ac  current  for  the 
coil.  The  oscillator  current  and  the  dc  output  voltage  of  the 
lock-in  amplifier  were  both  measured  using  accurate  digital 
meters.  The  analyzer  is  mounted  on  a  rotatable  table  with  a 
precision  of  0.005'’  for  the  measurement  of 

When  the  lock-in  amplifier  reference  frequency  is  set  to 
/  by  rotating  analyzer  A  until  the  amplitude  of  the  funda¬ 
mental  component  If  of  the  transmitted  light  intensity  be¬ 
came  zero  as  indicated  by  the  zero  output  of  the  lock-in 
amplifier,  we  can  determine  accurately  that  P  and  A  are  per¬ 
pendicular  to  each  other.  'Riming  the  lock-in  amplifier  refer¬ 
ence  frequency  to  /  and  2  /  and  measuring  the  output  volt¬ 
age  of  the  lock-in  amplifier,  respectively,  we  could  determine 
the  fundamental  and  the  second  component  If,  l2f  of  the 
transmitted  light  intensity  at  different  angles  between  P  and 
A  away  from  the  perpendicular, position.  When  the  frequency 
and  intensity  of  ac  current  were  kept  at  1  kHz  and  0.2  A, 
respectively,  and  the  angle  4>  was  changed,  the  results  of 
for  the  (BiPrGdYb)3(FeAl)50i2  film  with  a  thickness  of  20 
/im  are  listed  in  Table  I.  These  results  show  good  consis¬ 
tency  for  several  values  of  and  suggested  the  validity  of 
our  method.  Keeping  the  current  intensity  constant  and 


TABLE  I.  Measurement  result  of  dynamic  Faraday  rotation  in 
(BiPrGdYb)2(FeAl)50i2  film  at  different  values  of  <l>. 


4>  (deg) 

1° 

2“ 

3° 

4' 

Vf  (mV) 

1.002 

2.017 

2.970 

4.311 

V2/(mV) 

0.074 

0.076 

0.075 

0.079 

4>f  (deg) 

0.298 

0.305 

0.303 

0.295 

Frequency  (KHz) 

FIG.  3.  The  dynamic  Faraday  rotation  vs  the  frequency  of  an 
alternating  field. 


changing  the  frequency,  we  measured  the  dependence  of  the 
dynamic  Faraday  rotation  <I>f  on  frequency  of  the  ac  current 
and  the  result  is  shown  in  Fig.  3.  As  the  frequency  response 
of  dynamic  Faraday  effect  depends  on  the  ability  of  the  in¬ 
duced  magnetization  to  follow  the  applied  alternating  field, 
the  relaxation  of  the  magnetization  of  the  garnet  film  leads  to 
a  decrease  of  the  dynamic  Faraday  rotation  when  frequency 
of  the  ac  current  increases.  This  may  result  from  defects 
impeding  the  domain-wall  motion.  The  dependence  of  dy¬ 
namic  Faraday  rotation  on  the  intensity  of  the  ac  current 
is  shown  in  Fig.  4. 

Dynamic  Faraday  rotation  «!>/?  is  calculated  from  the 
given  experimental  values  of  X.  and  4>.  For  our  sample,  the 
dynamic  Faraday  rotation  ^p  is  much  less  than  1.  By  the 
approximation  of  the  Bessel  function,  we  have 

72(2d)f)/7,(2«Df)  =  cDf/2.  (6) 

From  Eqs.  (5)  and  (6)  we  obtain 

<t>f=2\  tg  2d>.  (7) 

Therefore,  the  relative  measurement  error  of  d>/r  is 

A<I>f/d>f=A\/X  +  4A4>/sin  4<I>.  (8) 


0.00  0  05  0  10  0.15  0.20  0.25 

Current  (A) 

FIG.  4.  The  dynamic  Faraday  rotation  vs  the  current  intensity. 
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^^:ffie:ab'ove\equation  indicates,  the  accuracy' of  mea¬ 
surement  depends  on  the  accuracy  at  which  X.  and  <t>  can  be 
individually  measured.  To  obtain  a  high  accuracy,  we  must 
maintain  the  ac  current  stability  better  than  10“'*;  If  and  I2  / 
should  be  measured  under  the  same  sensitivities  in  the  /  and 
2  /  detector  channel  and  a  high  precision  digital  voltmeter 
should  be  used.  Equation  (8)  also  indicates  that  when 
$=22.5°,  the  measurement  error  becomes  minimum,  but  in 
fact  we  measured  \  at  smaller  values  of  $  to  avoid  the  shot 
noise.  In  our  measurement,  the  accuracy  of  $  is  0.005°.  The 
If  and  1 2  f  are  read  on  a  high  precision  digitaf  voltmeter 
which  allows  the  relative  error  of  measurement  of  X  lower 
than  10“^.  A  relative  precision  better  than  2%  for  can  be 
estimated  from  Eq.  (8). 

When  the  hysteresis  loop  of  samples  cannot  approximate 
to  a  straight  line,  two  factors  may  deteriorate  the  measure¬ 
ment  result,  namely  the  possible  nonlinear  response  of  the 
dynamic  Faraday  rotation  with  respect  to  the  ac  field  and  the 
possible  hysteresis  to  the  dynamic  Faraday  rotation.  The  first 
factor  will  introduce  higher  harmonics  to  the  dynamic  Fara¬ 
day  rotation.  The  second  factor,  on  the  other  hand,  will  in¬ 
troduce  retardation  of  the  phase  between  the  dynamic  Fara¬ 
day  rotation  and  the  applied  field.  Therefore,  the  dynamic 
Faraday  rotation  cannot  be  simply  calculated  from  Eq.  (5), 
and  a  more  complicated  analysis  is  required. 


CONCLUSION 

In  summary,  the  experimental  apparatus  for  measuring 
the  dynamic  Faraday  effect  is  set  up.  By  using  the  apparatus, 
we  have  measured  the  peak  value  of  the  Faraday  rotation  of 
the  magneto-optic  garnet  induced  by  an  alternating  magnetic 
field.  The  dependence  of  the  dynamic  Faraday  on  the  fre¬ 
quency  and  ac  current  is  investigated.  The  apparatus  is 
simple,  accurate,  general,  and  can  be  used  to  measure  the 
dynamic  magneto-optical  characteristic  of  magneto-optic 
materials  by  observing  the  frequency  response  of  the  Faraday 
rotation. 
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The  calculations  of  the  spontaneous  electric  Faraday  rotation  (FR)  and  the  magnetization 
contributed  by  Tb^^  ions  in  Tb  substituted  iron  gurnets  based  oh  the  quantum  theory  are  presented. 

The  crystal  field  (CF)  and  the  superexchange  interaction  are  two  crucial  factors  in  determining  FR 
and  the  magnetization.  Every  CF  splitting  level  is  nondegenerate.  But  the  energy  differences 
between  the  lowest  seven  CF  split  levels  of  the  ground  configuration  are  not  very  large  comparing 
with  the  superexchange  interaction  upon  the  Tb^"^  ions,  so  the  strong  admixing  of  these  levels  by  the 
high-order  perturbation  of  the  exchange  interaction  makes  FR  and  the  magnetization  not  small. 

Except  FR  below  150  K,  the  calculated  results  are  in  good  agreement  with  experiments. 


I.  INTRODUCTION 

Many  experimental  investigations  about  the  magneto¬ 
optic  (MO)  and  magnetic  properties  of  various  rare-earth 
substituted  garnets  (RE:YIG)  have  been  earned  out.  It  has 
been  found  that  the  MO  behavior  of  some  RE:YIG  is  excel¬ 
lent,  but  the  origin  of  the  MO  effect  induced  by  the  RE  ions 
in  such  compounds  is  not  well  known.  In  a  previous  paper 
we  have  reported  the  calculations  of  the  Faraday  rotation 
(FR)  at  room  temperature  in  some  RE:YIG.‘  In  this  paper, 
the  temperature  dependence  of  the  magnetization  contributed 
by  the  Tb^"^  ions  and  that  of  FR  caused  by  the  intra-ionic 
electric  dipole  (ED)  transitions  between  the  4/®  and  AfSd 
configurations  of  the  Tb®*'  ions  in  terbium  substituted  garnets 
(Tb:YIG)  has  been  calculated  based  on  the  quantum  theory. 
Except  FR  below  150  K,  the  calculated  results  are  in  good 
agreement  with  experiments. 

The  temperature  dependence  of  the  magnetization  de¬ 
pends  on  the  splitting  of  the  ground  configuration  due  to  the 
crystal  field  (CF)  and  superexchange  interaction  upon  the  Tb 
ions.  While  the  FR  depends  not  only  on  the  splitting  of  the 
ground  configuration  but  also  on  the  splitting  of  the  excited 
configuration.  Therefore,  calculating  the  magnetization  and 
FR  at  the  same  time  is  helpful  for  studying  the  origin  of  the 
MO  effect  and  the  magnetization  of  the  RE  ions  in  such 
compounds. 


II.  THE  CALCULATION  OF  THE  MAGNETIZATION 

To  calculate  me  magnetization  contributed  by  the  Tb®"'^ 
ions,  it  is  necessary  to  calculate  the  splitting  of  the  ground 
configuration  of  the  Tb®^  ions.  The  perturbation  Hamiltonian 
of  a  Tb®'*'  ion  in  the  crystal  is 

//'=//so+//c  +  //ex.  (1) 
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here  is  the  spin-orbit  coupling.  He  the  CF  Hamiltonian, 
and  //ex  the  superexchange  interaction 


Hso='hUS, 

(2) 

(3) 

(4) 

Here  L  and  S  are  the  total  orbit  and  the  total  spin  angular 
momentum  operators,  respectively,  H„  the  molecular  field, 
and  fig  the  Bohr  magneton.  The  superexchange  interaction  is 
less  than  the  spin-orbit  coupling  and  CF,  so  we  carry  out  the 
perturbation  calculation  in  the  order  of  priorities:  H^q+Hc 
and  //jx  •  For  a  free  Tb®^  ion,  the  lowest  multiplet  of  the  4/® 
configuration  is  the  first  excited  multiplet  is  V5.  The 
energy  difference  between  these  two  multiplets  is  not  very 
large,  so  we  take  these  two  multiplets  together  for  perturba¬ 
tion  calculation.  Solving  the  following  secular  equation 

\\{JJ,\Hso-^Hc\J'J[)  ESjj,Sj^>}  =  Q  (5) 

we  have  obtained  the  CF  split  energy  levels  and  wavefiinc- 
tions.  The  values  of  the  matrix  elements 
{JJ,\Hso\rJ',)5jj  iSj^'  are  taken  from  the  book  by  Martin 
et  al?  The  choice  of  the  proper  set  of  the  parameters  of  the 
CF  upon  the  Tb®'*'  ions  is  a  crucial  step.  The  values  obtained 
with  a  point  charge  model  are  too  small  to  obtain  correct 
results.  A  similar  situation  was  also  found  when  studying  the 
magnetic  properties  of  some  other  RE  substituted  garnets. 
Nekvasil  et  al?  have  determined  a  set  of  parameters  for  the 
CF  upon  the  Sm®*"  ions  in  SmlG  by  fitting  the  experimental 
results  about  the  magnetic  phase  transition  in  SmIG.  In  this 
paper,  it  is  supposed  that  the  CF  parameters  A  are  the  same 
for  the  Sm®^  ions  in  SmIG  and  the  Tb®*^  ions  in  Tb:YlG. 
That  is,  the  values  of  (r*)Atg  are  determined  by  the  values  of 
the  CF  parameters  for  the  Sm®*"  ions  in  SmIG  and  the  ratio 
of  the  values  of  (r®),  (r'*),  and  (r®)  of  the  Sm®*^  and  Tb®'*' 
ions.  The  nonzero  parameters  are  shown  in  Table  I.  The  en¬ 
ergies  of  the  lowest  ten  CF  split  levels  are  -367.5,  -355.2, 
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TABLE  I.  The  values  of  the  parameters  of  the  CF  upon  the  Tb  ions  (in  cm”*). 


(r  2)A2o 

(r^}>l2S2 

('■^4-2 

If 

4/ 

-638 

246 

-4229 

214 

980 

5d 

-3063 

1180 

-67567 

3416 

14245 

(r‘)Ajo 

{T^)^6-X.2 

('■*)A6i6 

4/ 

1110 

-109 

500 

49 

i 


t 


-294.5,  -254.9,  -208.9,  -198.4,  -108.0,  39.8,  79.2, 
191.8  cm~^  Here  the  energy  of  the  multiplet  (4/*)’F6  of  a 
free  Tb^'*'  ion  is  taken  to  be  zero.  Because  the  environment  of 
the  Tb^'*'  ions  in  Tb:YIG  has  symmetry,  every  level  is 
nondegenerate. 

The  nondegenerate  states  have  no  contribution  to  FR. 
But  the  energy  differences  between  the  lowest  seven  levels 
are  not  very  large  comparing  with  the  superexchange  inter¬ 
action.  So  the  admixing  of  these  states  due  to  the  superex¬ 
change  interaction  is  large  and  the  admixed  states  have  con¬ 
tribution  to  the  magnetization  and  FR.  Such  admixing  is 
calculated  by  solving  the  following  secular  equation: 

IK^,|//so+//c+//J(^r^>-E/,7l|  =  0.  (6) 

In  the  calculation,  the  bras  and  kets  include  the  wavefunc- 
tions  of  the  lowest  seven  CF  levels.  The  values  of  the  matrix 
elements  ((^ij/fso+^cl(^y)47  *he  energy  values  of  these 
states. 

The  Zeeman  effect  of  the  Tb^"*^  ions  depends  mainly  on 
the  superexchange  interaction  between  the  Fe  and  Tb  ions. 
The  resultant  magnetization  of  two  Fe  sublattices  in  Tb:YIG 
is  well  represented  by  the  magnetization  of  YIG  (A/yio).  So, 
the  molecular  field  H„  acting  upon  the  Tb^^  ions  can  be 
expressed  as 

H„=nMyiG-  (7) 

According  to  the  idea  of  Neel,'* «  is  a  linear  decreasing  func¬ 
tion  of  temperature.  In  a  first  order  it  has  the  form: 

«  =  «o(l  +  r7')-  (8) 

The  values  of  the  average  magnetic  moment  of  a  Tb'’^ 
ion  at  various  temperatures  have  been  calculated  with  the 
following  formula: 


Table  II.  In  the  table,  the  measured  values  obtained  by  Guil- 
lot  et  al?  are  also  given  as  comparison.  It  is  seen  that  the 
calculated  values  are  in  good  agreement  with  the  measured 
values. 


III.  THE  CALCUUTION  OF  THE  FARADAY  ROTATION 


The  FR  per  unit  length  of  the  medium  caused  by  the 
intraionic  ED  transitions  is* 


Ntt  ^ 


(0 


2  2 


(11) 

for  each  type  of  ion  present  in  the  material,  where  c  is  the 
velocity  of  the  light  in  vacuum,  N  the  number  of  ions  per 
unit  volume,  «  an  average  refractive  index,  (o  the  angular 
frequency  of  the  light  wave,  g  runs  over  the  CF  and  ex¬ 
change  interaction  split  4/*  states  with  occupation  probabil¬ 
ity  pg,  and  n  runs  over  the  CF  split  AfSd  states  at  energy 
h(>)„g  above  the  ground  states.  V*  are  the  ED  moment  opera¬ 
tor's  for  right-  and  left-handed  circularly  polarized  light. 


=  2  e[x{i)±jy{i)],  (12) 

I 

where  S,  indicates  summing  over  the  ED  moments  of  all  4/ 
electrons. 

The  following  formula®  has  been  used  to  calculate  tran¬ 
sitional  matrix  elements: 


=  <5l(iz+25,)|g)pj.  (9) 

g 

Here  pg  is  the  occupation  probability  of  the  state  |g), 


where  Eg  is  the  energy  of  the  state  |g).  They  are  obtained  by 
solving  Eq.  (6).  The  values  of  M^ig  at  various  temperatures 
have  been  obtained  by  Gonano.*  «o  and  y  are  determined  by 
the  self-consistent  calculation  of  m. 

The  optimum  value  of  y  is  -1.5X10~*  K“'.  It  is  near 
the  value  obtained  by  Leycuras  etal.^  for  Ce*"^  ions  in 
Ce:YIG.  The  optimum  value  of  «o  is  8.0X10“*  Oe/(/iB/two 
formula  of  YIG).  The  calculated  values  of  m  are  given  in 


TABLE  it.  The  calculated  and  measured  values  of  the  magnetic  moment  m 
of  the  Tb’'^  ion  and  the  FR  9f  per  unit  length  at  1150  nm  wavelength 
contributed  by  the  intra-ionic  electric  dipole  transitions  of  the  Tb^'^  ions,  m 
in  yi«/ion,  Of  in  deg/cm”*  per  To  ion,  T  in  K. 


T 

m  (cal.) 

m  (meas.)* 

Of  (cal.) 

Of  (meas.)*’ 

294 

1.01 

1.09 

-81.3 

-80 

255 

1.32 

1.30 

-105.5 

-102 

200 

1.87 

1.85 

-149.4 

-145 

150 

2.55 

2.45 

-203.3 

-218 

100 

3.50 

3.43 

-285 

-370 

50 

5.60 

5.70 

-464 

-705 

'M.  Guillot  and  H.  Le  Gall,  J.  Physique  38,  871  (1977). 
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{l\aLSJMyY,,q\l’[-H2WW2)L'S'J'M'j) 


_^_2)/+r+Lj+S+/i+/2-A/j^^^, 

{l\aLS{\ir-^a'SyL,){iy\h), 


X 


[h  Li  L 
L'  k  I2 


where  [J]=2J+1. 

Ac^rding  to  Ref.  2,  the  lowest  term  of  the  ^fSd  con¬ 
figuration  of  the  ions  is  ^D,  the  second  term  is  ^D.  The 
ED  transition  from  the  {Af)^F  term  to  {AfSdfD  term  is 
forbidden.  Furthermore,  this  term  cannot  be  admixed  with 
the  term  by  CF.  The  AfSd  configuration  has  many 
higher  energy  terms.  The  transitions  from  them  to  the 
(4/®)^F  states  are  allowed.  But  the  values  of  the  energy  of 
these  terms  are  not  found.  Therefore,  when  we  solve  Eq.  (5) 
to  calculate  the  splitting  of  the  AfSd  configuration  due  to 
FR,  only  the  multiplets  ’D5  and  ’D4  have  been  included.  In 
calculating  FR,  the  energies  of  all  other  terms  are  supposed 
to  be  equal  to  the  average  energy  of  the  4/’5<Z  configuration, 
i.e.,  64400  cm"*.^’’®  According  to  our  calculation,  the  ED 
transition  probabilities  between  the  (4/®)  ’f  g  and  ’f  5  mul¬ 
tiplets  and  these  terms  are  much  less  than  the  transition  prob¬ 
abilities  between  the  and  ’’F^  multiplets  and  the 
{AfSdyOs  and  multiplets.  So  the  error  due  to  the 
above  approximation  is  small.  The  effect  of  the  superex¬ 
change  interaction  on  the  AfSd  configuration  is  neglected. 
The  accurate  value  of  of  the  Tb®"^  ion  is  not  found,  so 
it  is  determined  by  fitting  the  measured  values  of  FR  and  by 
comparing  with  the  similar  values  of  other  RE  ions.  The 
value  used  is  0.187  A. 

The  calculated  values  of  FR  per  unit  length  per  Tb  ion 
are  shown  in  Thble  II,  in  which  the  measured  values  obtained 
by  Guillot  et  a/."  are  shown  as  well.  It  is  seen  that  the  cal¬ 
culated  values  agree  with  experiments  in  the  temperature 
range  from  150  to  300  K. 

IV.  DISCUSSION 

From  the  above  results,  it  is  seen  that  except  FR  below 
150  K,  the  behavior  of  the  magnetization  and  FR  contributed 
by  the  Tb®^  ions  in  the  garnets  is  well  explained.  The  CF  and 
superexchange  interaction  are  the  two  most  important  factors 
in  determining  the  magnetic  and  MO  behavior  of  the  Tb®^ 
ions  in  the  garnets.  As  the  splitting  of  the  states  due  to  CF  is 
not  large  enough,  the  FR  at  the  near  infrared  region  and  the 
FR  at  the  visible  region  have  the  same  sign.  The  admixing  of 
different  CF  levels  of  the  4/®  configuration  by  the  high-order 
perturbation  of  the  exchange  interaction  is  large;  otherw'ise, 
the  magnetization  and  FR  contributed  by  the  Tb®^  ions  will 
be  very  small. 


j  k 
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(13) 


The  cause  of  the  difference  between  the  calculated  and 
measured  values  of  FR  at  low  temperature  is  not  clear.  It  can 
be  seen  from  Table  II,  the  calculated  MO  coefficient,  which 
equals  the  ratio  of  OpXom,  is  nearly  a  constant  in  the  whole 
temperature  range  studied,  in  accord  with  the  theory  of 
Crossley  et  al}  According  to  Refs.  12  and  13,  the  covalency 
of  the  5d  states  with  the  neighboring  ions  is  large  and  de¬ 
pends  on  the  electronic  structure  of  the  RE  ions.  Tlierefore, 
the  assumption  that  the  values  of  the  parameters  ((r^)A  20 
etc.)  of  CF  upon  the  5d  electrons  are  proportional  to  the 
values  of  (r^)  and  (r'*)  of  the  5d  shells  of  different  RE  ions 
may  be  not  good.  According  to  our  work  for  Ce:YIG,  if  the 
CF  splitting  of  the  4/”"’ 5d  configuration  is  large  enough, 
the  MO  coefficient  will  be  dependent  on  the  temperature.*'* 
Therefore,  we  think  that  the  simple  assumption  about  the  CF 
upon  the  5d  electrons  may  be  one  cause  for  making  the 
theoretical  values  of  FR  deviate  from  the  true  values  at  low 
temperature. 
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The  tehiperaturejdependent  sensitivity  characteristic  in  the  zeroth-order  diffraction  beam  from  the 
multidomain  materials  of  Bi;fGdyY3_(;f+y)Fe50i2  films  grown  by  a  conventional 
liquid-phase-epitaxial  method  are  studied.  By  measuring  the  variation  of  the  sensitivity  with 
temperature,  it  was  found  that  films  with  X=1.3  and  F=0.43  show  the  minimum  value  of  ±0.5% 
between  253  and  353  K.  The  contribution  of  the  Gd  substitution  on  the  improvement  of  the 
temperature  dependence  of  the  sensitivity  was  explained  by  a  simple  theoretical  calculation. 


i.  INTRODUCTION 

With  recent  developments  in  optical  magnetic  field  (cur¬ 
rent)  sensors  based  on  Faraday  effect,  there  has  been  consid¬ 
erable  demand  for  applying  these  sensors  to  electric  power 
systems  such  as  power  delivery  systems  to  measure  current, 
and  to  monitor  the  condition  of  these  lines.^  Hence  high  sen¬ 
sitivity,  high  accuracy  in  the  operating  temperature  range  and 
high  reliability  are  required  for  such  sensors.  It  is  expected 
that  rare-earth  iron  garnets,  especially  Bi-subsutituted  iron 
garnets  [hereafter  referred  as  (BiR)IG]  have  high  sensitivity 
constants  because  of  a  large  Faraday  rotation  angle.  But  re¬ 
cently  the  attribution  of  Faraday  loops  to  both  the  magneti¬ 
zation  process  (the  domain  wall  displacement  or  the  magne¬ 
tization  rotation)  and  the  light  beam  diffraction  by  the  stripe 
magnetic  domain  structure  of  garnet  films  has  been  made 
clear.^ 

In  this  paper  we  report  the  experimental  results  on  the 
sensitivity  temperature  dependence  in  detecting  only  the 
zeroth-order  diffraction  beam  from  (BiR)lG,  which  takes  the 
boundary  displacement  process  for  magnetization  reversal. 
And  we  also  report  on  Gd-substituted  (BiY)lG  films  with  the 
minimum  temperature  dependence  of  the  sensitivity  and  on 
the  available  calculation  results  on  the  temperature  depen¬ 
dence. 

II.  EXPERIMENTS 

(BiR)lG  films  were  grown  on  (lll)-otiented 
(GdCa)3(MgZrGa)50i2  substrates  by  means  of  a  liquid- 
phase-epitaxial  (LPE)  dipping  technique  with  a  horizontal 
rotation  mode.  A  Pb0-Bi203-B203  system  was  employed  as 
a  solvent  and  B2O3  rich  melts  were  used  to  obtain  highly  Bt 
substituted  films.^  The  chemical  composition  of  the  prepared 
films  was  determined  by  electron  probe  micro-analysis. 

Sensitivity  constants  measurements  were  made  in  the 
temperature  range  of  223-393  K  using  850  nm  GaAlAs- 
light-emitting-diode  (LED)  light  which  propagates  parallel  to 
the  external  field  as  shown  in  Fig.  1.  TVo  Glan-TTiompson 
prisms  were  used  for  the  polarizer  and  analyzer  and  the  ana¬ 
lyzer  is  at  an  angle  of  45°  with  respect  to  the  polarizer. 


Figure  2  shows  the  film  thickness  dependence  of  the 
magnetic  domain  width  measured  from  Faraday  effect  pat¬ 
terns  and  the  first-order  diffraction  angle  of  the  He-Ne  laser 
beam.  From  these  results  the  first-order  diffraction  angle  of 
4.7°  was  obtained  by  the  calculation  at  the  wavelength  of  a 
light  source  (850  nm).  This  is  too  large  to  condense  all  of  the 
diffracted  beams  by  a  lens  (for  example  the  rod  lens  of  NA 
=0.37  and  2  mm  <l>  used  to  realize  compact  sensor  modules). 
So  the  Faraday  output  signal  only  in  the  zeroth-order  diffrac¬ 
tion  beam  throughout  a  pin-hole  was  measured  by  a  single- 
ended  fixed  analyzer  method^  as  shown  in  Fig.  1. 

III.  RESULTS  AND  DISCUSSION 

Figure  3  shows  the  measured  result  of  the  Faraday  out¬ 
put  signal  and  the  obvious  hysteresis  loop  was  not  observed 
in  this  measurment.  The  normalized  Faraday  output  intensity 
according  to  the  domain  wall  movement  magnetization  is 
given  by 

P=[l  +  (///H,)tan(M)]^  (1) 

where,  H,  H,,  Op,  and  d  are  external  magnetic  field,  the 
magnetic  saturation  field,  the  Faraday  rotation  angle,  and  the 
film  thickness,  respectively.  The  calculated  result  by  Eq.  (1) 
is  represented  by  a  solid  line  in  Fig.  3.  The  measured  results 
are  in  good  agreement  with  the  calculated  result  and  it  is 
confirmed  that  the  boundary  displacement  is  the  dominant 
magnetization  process  in  the  (lll)-LPE-(BiR)lG  film. 
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FIG.  1.  A  schematic  diagram  of  the  measuring  system  for  the  present  study. 
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FIG.  2.  The  film  thickness  dependence' of  the’ domain  width.-  O  and  •  show 
measured  results  from  Faraday  effect, patterns  and  first-order  diffraction 
angle,  respectively. 


The  temperature  dependence  of  the  sensitivity  deviation 
from  the  value  of  300  K  in  four  kinds  of  compositions  is 
shown  in  Fig.-  4.  The  results  on  (BiY)IG  (Y=0),  which  are 
plotted  (#),  show  a  positive  dependence  and  substitution 
with  Gd  decreases  the  gradients  of  the  dependence  and  the 
sign  of  the  dependence  changes  to  minus  for  Y  larger  than 
0.43.  The  sample  of  ^=1.3  and  y=0.43  shows  a  minimum 
of  ±0.5%  between  253  and  353  K. 

Equation  (1),  which  gives  the  Faraday  output  intensity 
characteristics,  contains  two  temperature  dependent  physical 
constants  of  dp  and  H,.  Hence  when  the  term  of 
tan(dp(r)d]///,(r)  in  Eq.  (1)  have  no  temperature  depen¬ 
dence,  the  sensitivity  is  unchanged  with  temperature.  And  by 
this  consideration  the  contribution  of  Gd  substitution  to  the 
improvement  of  the  temperature  dependence  of  the  sensitiv¬ 
ity  can  be  explained  as  follows. 

The  saturation  magnetization  and  its  temperature  depen¬ 
dence  M,{T)  corresponding  to  HJJ)  of  ferrimagnetic  gar¬ 
nets  can  be  well  described  in  terms  of  the  molecular  field 
theory.^'*  The  net  magnetic  moment  per  mole  is  given  by 

A/,(r)=|Md(r)-A/,(7’)-M,(r)|,  (2) 


FIG.  3.  Sensor  output  intensity  vs  applied  magnetic  field.  •  show  measured 
results  and  solid  line  show  the  calculated  result  by  Eq.  (1). 


FIG.  4.  Temperature  dependence  of  sensitivity  for  various  Gd  concentra¬ 
tions.  Plotted  points  show  measured  results  and  solid  lines  shows  calculated 
results  by  Eqs.  (1),  (2),  and  (3). 

where  the  subscript  refers  to  the  particular  sublattice.  In  cal¬ 
culating  MAT)  of  (BiGdY)IG  modified  molecular  field 
coefficients’’*  were  used  to  account  for  the  linear  dependence 
of  Teojip  and  with  Bi  concentration  X.  Figure  5  shows  the 
calculated  results  for  various  Bi  and  Gd  concentrations.  It  is 
obvious  that  the  gradients  of  the  temperature  dependence 
around  room  temperature  decreased  steadily  with  an  increase 
in  the  Gd  concentration. 

Figure  6  shows  the  measured  temperature  dependence  of 
Faraday  rotation  angle  for  various  Bi  and  Gd  concentrations 
and  over  the  temperature  range  from  300  to  600  K.  From 
these  results  it  is  found  that  the  Faraday  rotation  angle  in¬ 
creases  in  proportion  to  the  Bi  concentration  and  does  not 
depend  on  the  Gd  concentration.  The  gradients  of  ’dp(T) 
around  room  temperature  also  do  not  depend  on  the  Gd  con¬ 
centration.  According  Crossley  model,®  the  value  of  BpiT) 
can  be  calculated  in  terms  of  the  sublattice  magnetization*®’” 
and  are  given  as 


FIG.  5.  Calculated  results  of  temperature  dependence  of  magnetization  for 
various  Gd  concentrations  by  the  molecular  field  theory  (see  Refs.  4-6). 
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FIG.  6.  Temperature  dependence  of  Faraday  rotation  for  various  Bi  and  Gd 
concentrations. 


dFm^AMa(T)+DMa{T)  +  CMciT),  (3) 

where  A,  £),  and  C  are  the  magneto-optical  coefficients  for 
each  site.  From  the  measured  results  shown  in  Fig.  6  values 
of  A,  D,  and  C  for  (BiGdY)IG  with  five  different  composi¬ 
tions  were  determined  by  the  fitting  method  and  6f(T)  over 
the  temperature  range  180-420  K  were  calculated  by 
Eq.  (3). 

Using  these  calculated  results  on  A/j(7)  and  0f(T),  the 
temperature  dependence  of  the  sensitivity  was  obtained  by 
Eq.  (1)  for  various  Bi  and  Gd  concentrations.  The  results 


were  shown  in  Fig.  4  with  a  solid  line.  They  show- good 
agreement  with  the  experiment^  results. 

iV.  CONCLUSION 

Bi-substituted  rare-earth  iron  garnet  films, 
Bi;fGdyY3_(;f+y)Fe50i2  for  optical  magnetic  field  sensors 
were  prepared  by  the  LPE  method.  From  sensitivity  mea¬ 
surements  it  was  found  that  in  the  case  of  the  zeroth-order 
diffraction  detection  Bii,3Gdo43Yi  27Fe50i2  has  the  minimum 
temperature  dependence  within  ±0.5%  over  the  temperature 
range  of  253-353  K.  By  the  calculated  results  on  6f(T), 
which  was  calculated  in  terms  of  the  sublattice  magnetiza¬ 
tions,  and'Mj(r)  by  the  molecular  field  theory,  the  contribu¬ 
tion  of  the  Gd  substitution  on  the  improvement  of  the  tem¬ 
perature  dependence  of  the  sensitivity  can  be  explained. 

Calculated  results  agree  well  with  the  experimental  re¬ 
sults  of  the  temperature  dependence  of  sensitivity. 
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j  I  Maqheto^ptlcfl^pr^peities  of  Ai  and  In-substituted  CeYIG  epitaxial  films 
j  I  grown  by  spattering  (abstract) 

l  M.  Gbmi  and  M.  Afae®^  j- 
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Cerium  substitution  to  iroii  g^et  strongly  enhances  magneto-optical  (MO)  effect  in  the  yisible 
j  re^on  around  A  1.4  and  3.1  eV.  We  have  previously  proposed  a  Ce^^(4/)-Fe^''' (tet.)  charge 

tTMsfer  model  :as  an  electronic  transition  inducing  the  strong  MO  effect.*  In  this  study,  we  have 
!  measured  Faraday  spectra  of  CeYIG  fflms  in  which  Fe  ions  were  diluted  with  A1  or  In  ions.  These 

j  ions,  respectively,  are  known  to  preferentially  occupy  tetrahedral  and  octrahedral  iron  sites  in  the 

I  i  garnet  stracture,  giving  us  some  information  on  tfie  role  of  Fe^^  in  the  MO  enhancement.  The 

I  i  Y2CejFe5_;tM^Oi2  (M=A1,  In;  Jc=0-5)  films  were  epitaxially -grown  in  situ  on  (lll)-oriented 

I  I  Gd3Ga50i2  (GGG)  single  crystal  substrates  by  conventional  rf  diode  sputtering.  With  the  amounts 

*  :  of  substitutions  increasing,  Faraday  rotation  and  ellipticity  of  the  films  at  hv=lA  eV  reduced  at 

i  nearly  the  same,  rates  for  both  ions  of  A1  and  In.  We  found  from  the  analysis  using  molecular  field 

theory  that  these  reductions  are  in  proportion  to  the  magnetic  moment  of  the  tetrahedral  iron 
■  sublattice.  This  indicates  that  the  tetrahedral  Fe^^  contributes  to  the  electronic  transition  at  1.4  eV, 

i  supporting  the  proposed  charge  transfer  model. 
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Enhancement  of  the  magneto-optical  quality  of  YiG  films  in  a  structure 
containing  a  thin  metal  film  (abstract) 

A.  D.  Boardman 

Joule  Laboratory,  Department  of  Physics,  University  of  Salford,  Salford  M5  4WT,  United  Kingdom 

A.  I.  Voronko,  P.  M.  Vetoshko,  V.  B.  Volkovoy,  and  A.  Yu.  Toporov 

IMC  Ltd.,  Technology  House,  Lissadel  Street,  Salford  M6  6AP,  United  Kingdom 

TE/TM  polarized  light  reflection  from  a  multilayer  structure  containing  a  magneto-optic  (MO)  and 
a  metal  film  is  investigated  theoretically  and  experimentally.  A  metal  film  is  used  whose  thickness 
is  chosen  to  support  long-range  surface  polaritons  (SP).  This  is  to  use  their  sharp  resonance  for 
tuning  the  whole  structure.  It  was  shown  that  if  the  MO  layer  is  placed  in  a  multilayer  structure 
consisting  of  a  thin  metal  film  that  supports  a  long-range  surface  polariton,  the  resonance  couples  to 
the  off-diagonal  element  of  the  YlG-film  dielectric  tensor.  This  means  that  this  process  exhibits  a 
nonreciprocal  property,  as  well  as  a  Faraday  rotation  in  the  MO  film.  A  combination  of  these  two 
effects  enhances  the  value  of  the  magneto-optic  quality  (Faraday  rotation  divided  by  the  losses 
incurred  by  the  light)  and  the  nonreciprocity  of  the  light  reflection  from  the  structure.  Theoretical 
and  experimental  optimization  of  these  effects  at  a  wavelength  equal  to  0.5  /im  has  been  carried  out 
for  thin  monodomain  single  crystal  YIG  films,  saturated  by  a  magnetic  field  of  the  order  1  Oe.  It  has 
enabled  the  design  of  a  high  frequency  operation  circulator  to  be  developed.  These  results  will  be 
reported  in  this  paper. 
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Magnetic  Davydov  splitting  in  2D  AFM  (CH2)2(NH3)2MnCl4  (abstract) 

V  Eremenko,  I.  Kachur,  V.  Piryatinskaya,  and  V.  Shapiro 

Institute  for  Low  Temperature  Physics  and  Engineering,  Academy  of  Sciences  of  Ukraine,  47  Lenin  Avenue, 
310164  Kharkov,  Ukraine 

Recently  it  was  shown*  that  the  light  absorption  spectrum  of  (CH2)2(NH3)2MnCl4  (EDAMnCl4) 
differs  strongly  from  those  of  other  compounds  of  this  family  (CH2/„(NH3)2MnCl4.  Additional 
peculiarities  in  the  spectral  distributions  of  two-magnon  Raman  scattering  and  the  coefficient  of 
exciton-magnon  absorptipn  were  found?  It  was  also  determined  that  the  pure  exciton  band  in  the 
absorption  spectrum  is  of  the  electric  dipole  type  of  polarization.  All  these  peculiarities  are  out  of 
the  fi-amework  of  the  usual  tetragonal  two-sublattice  antiferromagnet  model  and  indicate  the  inverse 
center  loss  and  magnetic  cell  doubling.  Results  of  studying  the  absorption  spectrum  of  EDAMnCl4 
presented  in  the  report  show  that  not  less  than  three  Davydov  components  of  the  exciton  band 
'^Aig{^S)-^*E g{^G)  optical  transition  may  be  detected  with  confidence  in  magnetic  fields  oriented 
along  the  c  axis.  It  confirms  the  four-sublattice  magnetic  structure  of  EDAMnC^.  The  presence  of 
exciton  line  splitting  at  and  its  nonlinear  character  at  HUor  (that  is  practically  parallel  to  I) 
allows  us  to  make  a  conclusion  about  the  resonance  interaction  between  ions  with  antiparallel  spins 
and,  probably,  about  the  Initial  noncollinearity  of  magnetic  structure.  Parameters  characterizing  the 
magnetic  Davydov  splitting  are  determined  using  comparison  of  the  experimental  data  and 
theoretical  analysis. 


'N.  Watanabe,  N.  Kojima  et  al,  J.  Phys.  C  21,  4795  (1988). 

^V.  V.  Eremenko,  I.  S.  Kachur  et  al.,  Ukrainskii  fiz.  Z.  37,  1806  (1992). 
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Symposium:  User  Facilities  in  Magnetism 


W.  Yelon,  Chairman 


Magnetic  neutron  scattering  (invited) 

J.  W.  Lynn 

Reactor  Radiation  Division,  National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20899 

The  application  of  neutron  scattering  techniques  to  magnetic  problems  is  reviewed.  We  will  first 
discuss  diffraction  techniques  used  to  solve  magnetic  structures,  as  well  as  to  measure  magnetic 
form  factors,  order  parameters,  critical  phenomena,  and  the  scattering  from  low-dimensional 
systems.  We  will  also  discuss  inelastic  scattering  techniques,  including  polarized  beam  methods, 
utilized  to  determine  the  spin  dynamics  of  various  materials.  Information  will  be  provided  about  the 
types  of  spectrometers  available  at  the  user-oriented  national  facilities  located  at  Argonne  National 
Laboratory,  Brookhaven  Nation^  Laboratory,  Los  Alamos  National  Laboratory,  The  National 
Institute  of  Standards  and  Technology,  and  Oak  Ridge  National  Laboratory,  as  well  as  the 
spectrometers  at  the  Missouri  University  Research  Reactor. 


I.  INTRODUCTION 

Magnetic  neutron  scattering  plays  a  central  role  in  deter¬ 
mining  and  understanding  the  microscopic  properties  of  a 
vast  variety  of  magnetic  systems,  from  the  fundamental  na¬ 
ture  and  symmetry  of  magnetically  ordered  materials  to  elu¬ 
cidating  the  magnetic  characteristics  essential  in  apjdica- 
tions.  One  traditional  role  has  been  the  measurement  of 
magnetic  Bragg  intensities  in  the  magnetically  ordered  re¬ 
gime,  which  can  be  used  to  determine  not  only  the  spatial 
arrangement  and  atomic  magnetization  density  of  the  mag¬ 
netic  moments,  but  also  the  value  of  the  ordered  moments  as 
a  function  of  temperaiu.e,  pressure,  and  applied  magnetic 
field.  These  types  of  measurements  can  be  carried  out  on 
single  crystals,  powders,  thin  films,  and  multilayers,  and  of¬ 
ten  the  information  collected  can  be  obtained  by  no  other 
experimental  technique.  Small  angle  neutron  scattering 
(SANS)  is  a  technique  to  explore  the  magnetism  over  longer 
distances  than  conventional  diffraction,  and  is  ideal  to  study 
domain  structures  and  other  spatial  variations  of  the  magne¬ 
tization  density  on  length  scales  from  1-1000  nm.  The  rela¬ 
tively  new  ti.  hnique  of  neutron  rcflectometry  can  be  used  to 
explore  the  magnetization  distribution  in  the  near-surface  re¬ 
gime  of  thin  films,  multilayers,  and  crystals.  In  the  investi¬ 
gation  of  the  spin  dynamics  of  systcm.s,  though,  neutrons 
play  a  truly  unique  role  '•teutron  scattering  is  the  only  tech¬ 
nique  that  can  directly  o  .mine  the  complete  magnetic  ex¬ 
citation  spectrum,  whether  it  is  in  the  form  of  the  dispersion 
relations  for  spin  wave  excitations,  wave  vector  and  energy 
dependence  of  critical  fluctuations,  crystal  field  excitations, 
moment  fluctuations,  etc.  In  the  present  article  we  will 
briefly  discuss  some  of  these  possibilities,  and  present  a  few 
examples  taken  from  recent  work  at  NIST.  We  will  also  dis¬ 
cuss  the  neutron  instrumentation  presently  available  to  the 
magnetism  community,  and  plans  for  new  instrumentation 
which  will  take  the  field  into  the  next  decade  and  beyond. 

There  are  a  number  of  very  good  sources  of  detailed 
information  about  neutron  scattering.  The  textbook  by 
Lovesey'  treats  the  theory  of  neutron  scattering  in  depth,  and 
the  more  recent  work  of  Balcar  and  Lovesey^  specifically 


addresses  the  theory  for  the  case  of  magnetic  neutron  as  well 
as  x-ray  scattering.  Bacon’s  text^  is  more  for  the  experimen¬ 
talist,  treating  experimental  procedures  and  the  practicalities 
of  taking  and  analyzing  data.  Williams’  text"*  focuses  on  the 
use  of  polarized  neutrons,  while  Squires’  book^  is  more  of  a 
graduate  introductory  text  to  the  subject.  An  alternative  ref¬ 
erence  is  the  recent  compendium  by  Price  and  Skcild,^  which 
covers  a  variety  of  topics  in  neutron  scattering  in  the  form  of 
chapters  by  various  expens. 

il.  MAGNETIC  DIFFRACTION 

TTie  integrated  intensity  for  a  magnetic  Bragg  reflection 
is  given  (for  a  simple  collinear  magnetic  structure)  by' 

/„=C./4A(0b){^|  (1) 

where  the  neutron-electron  coupling  constant  in  parenthesis 
is  -0.27X10~'^  cm,  f  and  M  are  unit  vectors  in  the  direc¬ 
tion  of  the  reciprocal  lattice  vector  t  and  the  sgin  direction, 
respectively,  and  the  orientation  factor  (l-(f-M)^)  must  be 
calculated  for  ail  possible  domains.  C  is  an  instrumental  con¬ 
stant  which  includes  the  resolution  of  the  measurement, 
A(0b)  is  an  angular  factor  which  depends  on  the  method  of 
measurement,  and  is  the  multiplicity  of  the  reflection 
(for  powders).  The  magnetic  structure  factor  Fi^  is  given  by 

AT 

(2) 

where  {fi^,  is  the  thermal  average  of  the  aligned  magnetic 
moment  of  the  magnetic  ion  at  the  jth  site  at  position 
is  the  Debye  Waller  factor  for  the  yth  atom,  /(t)  is  the  mag¬ 
netic  form  factor  (Fourier  transform  of  the  magnetization 
density),  and  the  sum  extends  over  all  magnetic  atoms  in  the 
unit  ceil.  We  see  from  these  expressions  that  neutrons  can  be 
used  to  determine  several  important  quantities;  the  location 
of  magnetic  atoms  and  the  spatial  distribution  of  their  mag¬ 
netic  electrons;  the  temperature,  field,...  dependence  of 
which  is  directly  related  to  the  order  parameter  for  the  phase 
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FIG.  1.  Calculated  (solid  curve)  and  observed  intensities  for  a  powder  of 
YBa2Fe30g.  The  differences  between  calculated  and  observed  are  shown  at 
the  bottom  (Ref.  7). 

transition  (e.g.,  sublattice  magnetization).  The  preferred 
magnetic  axis  (M)  also  can  often  be  determined  from  the 
relative  intensities.  Finally,  the  scattering  can  be  put  on  an 
absolute  scale  by  internal  comparison  with  the  nuclear  Bragg 
intensities  from  the  same  sample,  whereby  the  saturated 
value  of  the  magnetic  moment  can  be  obtained. 

As  an  example,  a  portion  of  the  powder  diffraction  pat¬ 
tern  from  a  sample  of  YBa2FejOg  is  shown  in  Fig.  1.’  The 
solid  curve  is  a  profile  refinement  of  both  the  antiferromag¬ 
netic  and  crystallographic  structure  for  the  sample.  From  this 
type  of  data  we  can  determine  the  crystal  structure,  lattice 
parameters,  site  occupancies,  etc.,  as  well  as  the  magnetic 
structure  and  value  of  the  ordered  moment.  The  results  of  the 
analysis  are  shown  in  Fig.  2;  the  crystal  structure  is  identical 
to  the  structure  for  the  1-2-3  superconductor  with  the  Fe 
replacing  the  Cu,  and  the  magnetic  structure  is  also  the  same 
as  has  been  observed  for  the  Cu  spins  in  the  oxygen-reduced 
(semiconducting)  material. 


FIG.  2.  Crystal  and  magnetic  structure  for  YBa2Fe30g  (Ref.  7). 
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FIG.  3.  Temperature  dependence  of  the  intensity  of  the  magnetic  reflection. 

Experimentally  we  can  recognize  the  magnetic  scattering 
by  several  characteristics.  First,  it  should  be  temperature  de¬ 
pendent,  and  the  Bragg  peaks  will  vanish  above  the  ordering 
temperature.  Figure  3  shows  the  temperature  dependence  of 
the  intensity  of  the  peak  at  19.5°,  which  clearly  reveals  a 
phase  transition  at  650  K.  A  second  characteristic  is  that  the 
magnetic  intensities  become  weak  at  high  scattering  angles 
(not  shown),  as  /(t)  typically  falls  off  strongly  with  increas¬ 
ing  angle.  A  third,  more  elegant,  technique  is  to  use  polarized 
neutrons.  The  polarization  technique  can  be  used  at  any  tem¬ 
perature,  and  for  any  material  regardless  of  whether  or  not  it 
has  a  crystallographic  distortion  (e.g.,  via  magnetoelastic  in¬ 
teractions)  associated  with  the  magnetic  transition.  It  is  more 
involved  and  time-consuming  experimentally,  but  yields  an 
unambiguous  identification  and  separation  of  magnetic  and 
nuclear  Bragg  peaks. 

The  polarization  analysis  technique  as  applied  to  this 
problem  is  in  principle  straightforward.®  Nuclear  coherent 
Bragg  scattering  never  causes  a  reversal,  or  spin-flip,  of  the 
neutron  spin  directica  upon  scattering.  Thus  the  nuclear 
peaks  will  only  be  socn  in  the  non-spin-flip  [denoted  by 
(++)]  scattering  geometry.  The  magnetic  cross  sections  de¬ 
pend  on  the  relative  orientation  of  the  neutron  polarization  P 
and  the  reciprocal  lattice  vector  transfer  t.  In  the  configura¬ 
tion  where  Plr,  half  the  magnetic  Bragg  scattering  involves 
a  reversal  of  the  neutron  spin  [denoted  by  the  (-+)  configu¬ 
ration],  and  half  does  not.  Thus  for  the  case  of  a  purely 
magnetic  reflection  the  spin-flip  (-+)  and  non-spin-flip 
(++)  intensities  should  be  equal  in  intensity.  For  the  case 
where  P||t,  all  the  magnetic  scattering  is  spin-flip.  Hence  for 
a  magnetic  Bragg  peak  the  spin-flip  scattering  should  be 
twice  as  strong  as  for  the  Plr  configuration,  while  ideally  no 
non-spin-flip  scattering  will  be  observed.  Figure  4  shows  the 
polarized  beam  results  for  the  same  two  peaks,  at  scattering 
angles  (for  this  wavelength)  of  30°  and  35°;  these  correspond 
to  the  peaks  at  19.5°  and  23°  in  Fig.  1.  The  top  section  of  the 
figure  shows  the  data  for  the  Plr  configuration.  The  peak  at 
30°  has  the  identical  intensity  for  both  spin-flip  and  non¬ 
spin-flip  scattering,  and  hence  we  conclude  that  this  scatter¬ 
ing  is  purely  magnetic  in  origin  as  inferred  from  Fig.  3.  The 
peak  at  35°,  on  the  other  hand,  has  strong  intensity  for  (++), 
while  the  intensity  for  (-+)  is  smaller  by  a  factor  of  1/11, 
the  instrumental  flipping  ratio.  Hence  this  peak  is  a  pure 
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FIG.  4.  Polarized  neutron  scattering.  The  top  portion  of  the  figure  is  for 
PiT,  where  the  open  circte.i  O  show  the  non-spin-flip  scattering  and  the 
filled  circles  •  are  the  observed  scattering  in  the  spin-flip  configuration.  The 
low  angie  peak  has  equal  intensity  for  both  cross  sections,  and  thus  is  iden¬ 
tified  as  a  pure  magnetic  reflection,  whiie  the  ratio  of  the  (++)  to  (-+) 
scattering  for  the  high  angle  peak  is  11,  the  instrumental  flipping  ratio. 
Hence  this  is  a  pure  nuclear  reflection.  The  center  portion  of  the  figure  is  for 
Pj|r,  and  the  bottom  portion  is  the  subtraction  of  the  P||r  spin-flip  from  the 
data  for  Plr.  Note  that  in  the  subtraction  procedure  ali  background  and 
nuclear  cross  sections  cancei,  isolating  the  magnetic  scattering  (Ref.  7). 


nuclear  reflection.  The  center  row  shows  the  same  peaks  for 
the  P]|t  configuration,  while  the  bottom  row  shows  the  sub¬ 
traction  of  the  Pi  T  spin-flip  scattering  from  the  P|1t  spin-flip 
scattering.  In  this  subtraction  procedure  instrumental  back¬ 
ground,  as  well  as  all  nuclear  scattering  cross  sections,  can¬ 
cel,  isolating  the  magnetic  scattering.  We  see  that  there  is 
magnetic  intensity  only  for  the  low  angle  position,  while  no 
intensity  survives  the  subtraction  at  the  35°  peak  position. 
These  data  unambiguously  establish  that  the  30°  peak  is 
purely  magnetic,  while  the  35°  peak  is  purely  nuclear.  This 
simple  example  demonstrates  how  the  technique  works;  ob¬ 
viously  it  would  play  a  much  more  critical  role  in  cases 
where  it  is  not  clear  from  other  means  what  is  the  origin  of 
the  peaks,  such  as  in  regimes  where  the  magnetic  and  nuclear 
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FIG.  5.  Temperature  dependence  of  the  sublattice  magnetization  for  the  Er 
spins  in  superconducting  ErBa2Cu307,  measured  on  a  single  crystal  weigh¬ 
ing  31  mg.  The  solid  curve  is  Onsager’s  exact  theory  for  the  two- 
dimensional,  S=5,  Ising  model  (Ref.  9). 

peaks  overlap,’  or  in  situations  where  the  magnetic  transition 
is  accompanied  by  a  structural  distortion. 

Another  example  of  magnetic  diffraction’  is  shown  in 
Fig.  5.  Here  we  show  the  intensity  of  a  Bragg  peak  as  a 
function  of  temperature  for  the  Er  ordering  in  ErBa2Cu307. 
The  magnetic  interactions  in  this  material  are  highly  aniso¬ 
tropic,  and  this  system  turns  out  to  be  an  ideal  two- 
dimensional  (planar)  Ising  antiferromagnet;  the  solid  curve  is 
Onsager’s  exact  solution  to  the  S=i,  2-D  Ising  model,  and 
we  see  that  it  provides  an  excellent  representation  of  the 
experimental  data. 

A  final  diffraction  example  is  shown  in  Fig.  6,  where  the 
data  for  a  series  of  molecular  beam  epitaxy  Fe304/Ni0  su¬ 
perlattices  are  shown. ’’  These  scans  are  along  the  growth 
direction  (Q^),  and  we  see  the  (222)  fundamental  peak  (to- 


Q.  (A-') 


FIG.  6.  Observed  scattering  from  a  series  of  Fe304/Ni0  multilayers  with 
different  layer  depths  and  total  thickness.  The  satellites  observed  about  the 
fundamental  (222)  reflection  in  the  center  originate  from  both  nuclear  and 
magnetic  scattering.  The  typical  weight  of  these  samples  is  1  mg  (Ref.  10). 
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FIG.  7.  Spin-flip  scattering  observed  for  the  amorphous  Invar  Fej5B,4  sys¬ 
tem  in  the  F||Q  configuration.  Spin  waves  are  observed  for  neutron  energy 
gain  (F<0)  in  the  (+-)  cross  section,  and  for  neutron  energy  loss  (£’>0)  in 
the  (-+)  configuration  (Ref.  11). 

gether  with  a  peak  from  the  MgO  substrate)  along  with  a 
series  of  satellite  peaks  on  either  side.  The  satellite  peaks 
have  both  nuclear  and  magnetic  contributions,  and  from  such 
data  the  crystallographic  and  magnetic  coherence  lengths 
both  in  and  between  the  layers  can  be  followed  as  a  function 
of  temperature,  field,  thickness,  etc. 

It  is  interesting  to  compare  the  type  and  quality  of  data 
that  are  represented  by  these  three  examples.  The  powder 
diffraction  technique  is  quite  straightforward,  both  to  obtain 
and  analyze  data.  In  this  case  typical  sample  sizes  are  ~5  g, 
and  important  and  detailed  information  can  be  readily  ob¬ 
tained  with  such  sample  sizes  in  a  few  hours  of  spectrometer 
time.  The  temperature  dependence  of  the  order  parameter  in 
ErBa2Cu307,  on  the  other  hand,  was  obtained  on  a  single 
crystal  weighing  only  31  mg.  Note  that  the  quality  of  the 
data  is  much  better  than  for  the  powder  sample  even  though 
the  sample  is  more  than  two  orders-of-magnitude  smaller. 
The  final  example  was  for  Fe304/Ni0  multilayers,  where  the 
weight  of  the  superlattices  that  contributes  to  the  scattering 
ranges  fi-om  0.3-1.5  mg.  Thus  it  is  clear  that  interesting  and 
successful  diffraction  experiments  can  be  carried  out  on  quite 
small  samples. 

III.  MAGNETIC  EXCITATIONS 

Inelastic  neutron  scattering  plays  a  unique  role  in  deter¬ 
mining  the  magnetic  excitation  spectra  in  magnetic  systems, 
as  it  is  the  only  probe  that  can  directly  measure  the  complete 
magnetic  excitation  spectrum.  Typical  examples  are  spin 
wave  dispersion  relations,  critical  fluctuations,  crystal  field 
excitations,  and  moment/valence  fluctuations.  Here  we  give 
an  example  of  some  spin  wave  measurements  utilizing  in¬ 
elastic  polarized  beam  techniques,  which  is  a  technique  that 
is  finding  increasing  use.  In  the  long  wavelength  (small  q) 
regime  the  spin  wave  dispersion  relation  for  an  isotropic  fer- 
romagnet  is  given  by  Es„=D{T)q^,  where  D  is  the  spin 
wave  “stiffness”  constant.  The  general  form  of  the  spin 


FIG.  8.  Measured  spin  wave  dispersion  relations  for  chemically  disordered 
(lop)  and  ordered  (bottom)  FejPt  (Ref.  12). 


wave  dispersion  relation  is  the  same  for  all  isotropic  ferro- 
magnets,  while  the  numerical  value  of  D  depends  on  the 
details  of  the  magnetit  interactions  and  the  nature  of  the 
magnetism.  One  example  of  a  prototypical  isotropic  ferro- 
magnet  is  amorphous  Feg6Bi4.  Figure  7  shows  an  example  of 
polarized  beam  inelastic  neutron  scattering  data  taken  on  this 
system.''  To  understand  these  data  we  note  that  spin  wave 
scattering,  represented  in  the  Hamiltonian  by  the  raising  and 
lowering  operators  5“=S*±tS^,  causes  a  reversal  of  the 
neutron  spin.  These  spin-flip  cross  sections  are  denoted  by 
(+-)  and  (-+).  If  the  neutron  polarization  P  is  parallel  to 
the  momentum  transfer  Q,  PjlQ,  then  we  should  be  able  to 
create  a  spin  wave  only  in  the  (- +)  configuration,  or  destroy 
a  spin  wave  only  in  the  (+ -).  This  is  precisely  what  we  see 
in  the  data;  for  the  (-+)  configuration  the  spin  waves  can 
only  be  observed  for  neutron  energy  loss  scattering  (£>0), 
while  for  the  (+-)  configuration  spin  waves  can  only  be 
observed  in  neutron  energy  gain  {E  <0).  We  remark  that  the 
cross  sections  for  inelastic  scattering  are  typically  several 
orders-of-magnitude  smaller  than  for  elastic  Bragg  scatter¬ 
ing,  and  thus  large  samples  are  required  for  these  types  of 
measurements;  the  sample  in  this  case  weighed  ~10  g. 

Data  like  these  can  be  used  to  measure  the  renormaliza¬ 
tion  of  the  spin  waves  as  a  function  of  temperature,  as  well 
as  determine  the  lifetimes  as  a  function  of  wave  vector  and 
temperature.  An  example  for  the  crystalline  Invar-type  ferro- 
magnet  Fe3Pt  is  shown'^  in  Fig.  8.  Here  we  have  determined 
the  wave  vector  dependence  of  the  dispersion  relation  at  a 
series  of  temperatures,  both  for  the  chemically  ordered  and 
disordered  single  crystals.  These  measurements  can  then  be 
compared  with  theory  as  well  as  other  experimental  observa- 
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TABLE  I.  Neutron  scattering  spectrometers  available  for  materials  research  in  magnetism  at  the  various  neutron 
scattering  centers  in  the  U.S.  Brookhaven  National  Laboratory  (BNL)  and  the  National  Institute  of  Standards 
and  Technology  (NIST)  operate  heavy  water  reactors,  while  Oak  Ridge  National  Laboratory  (ORNL)  and  the 
University  of  Missouri  (UM)  operate  light  water  reactors.  The  neutron  sources  at  Argonne  National  Laboratoiy 
(ANL)  and  Los  Alamos  National  Laboratory  (LANL)  are  rulsed  spallation  facilities.  NA=:not  applicable;  C 
signifies  under  construction/development.  At  ORNL  some  spectrometers  share  a  beam  port  and  are  therefore 
only  available  part  time. 


Spectrometer 

ANL 

BNL 

LANL 

NIST 

ORNL 

UM 

SANS 

1+lC 

2 

1 

3 

2 

1C 

Triple  axis 

NA 

5 

NA 

5+lC 

4 

1 

Inelastic  TOF 

4 

0 

2 

1+lC 

1 

0 

High  res.  powder 

2 

1 

1 

1 

1 

1 

High  intensity  powder' 

1 

1+lC 

1 

0 

1 

0 

Diffractometer 

2 

3+ 1C 

1 

1C 

2 

2 

Spin  echo 

0 

0 

0 

1C 

0 

0 

Backscattering 

0 

0 

1C 

1C 

0 

0 

Reflectometer 

2 

1 

1 

2+lC 

1 

1 

User  contact 

T.  Worlton 

R.  Greenberg  M.  DiStravolo 

W.  Kamitakahara 

R.  Nicklow 

J.  Rhyne* 

'UM  has  no  formal  user  program,  and  research  there  is  accommodated  on  a  collaborative  basis  only. 
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tions  (such  as  magnetization  measurements)  which  are  con¬ 
trolled  by  such  spin  wave  excitations. 

IV.  NEUTRON  FACILITIES 

The  neutron  scattering  facilities  available  in  the  U.S.  are 
shown  in  Table  I.  The  National  Laboratories  all  have  ongo¬ 
ing  user  programs  to  acquire  beam  time,  while  the  research 
at  the  University  of  Missouri  reactor  is  done  on  a  collabora¬ 
tive  basis  only.  Brookhaven  National  Laboratory,  Oak  Ridge 
National  Laboratory,  and  the  National  Institute  of  Standards 
and  Technology  operate  research  reactors,  which  provide 
steady  beams  of  thermal,  and  in  the  case  of  NIST  and  BNL, 
cold  neutrons.  The  NIST  cold  source  supports  a  guide  hall 
facility  which  can  accommodate  15  or  more  instrumental 
stations  when  completed;  it  is  the  only  project  presently  un¬ 
der  construction.  Argonne  National  Laboratory  and  Los  Ala¬ 
mos  National  Laboratory  have  pulsed  spallation  neutron 
sources.  This  technique  for  producing  neutrons  in  general  is 
complementary  to  steady-state  reactor  sources,  and  the 
pulsed  nature  of  the  sources  means  that  all  instruments  op¬ 
erate  on  the  time-of-flight  principle.  The  person  to  contact 
for  more  information  about  these  facilities  is  provided  at  the 
bottom  of  the  table. 

Neutrons  provide  a  unique  tool  not  only  for  magnetism, 
but  for  broad  areas  of  materials  science,  physics,  chemistry, 
biology,  and  nuclear  medicine,  llie  reactors  that  are  pres¬ 
ently  in  use  have  already  been  operating  for  a  quarter  of  a 
century,  and  there  is  a  detailed  plan  to  build  a  new  research 
reactor,  the  advanced  neutron  source,  to  replace  some  of 
these  facilities.  The  ANS  would  provide  an  order-of- 
magnitude  more  raw  flux,  and  would  also  allow  dramatic 
improvements  in  beam  optics  for  many  instruments;  a  great 
deal  has  been  learned  (and  invented)  in  the  last  25  years 


about  how  to  optimize  neutron  scattering  instrumentation.  If 
authorized  for  construction  next  year,  the  ANS  would  come 
on  line  early  next  decade,  and  would  allow  the  U.S.  to  re¬ 
capture  the  lead  in  the  neutron  scattering  held.  There  are  also 
plans  to  develop  a  design  for  a  new,  higher  intensity  spalla¬ 
tion  source.  If  these  new  facilities  become  a  reality,  then 
neutron  scattering  in  the  U.S.  will  continue  to  play  a  vital 
role  in  magnetism  in  particular  and  condensed  matter  physics 
in  general,  well  into  the  next  century. 
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Soft  x-ray  synchrotron  radiation  facilities  for  the  study  of  magnetic 
materials  (invited)  (abstract) 

Brian  Tonner,  W.  O’Brien,  M,  A.  Green,  H.  Hochst,  and  R.  Reininger 

Synchrotron  Radiation  Center,-  University  ofWisconsin-Madiscm,  3731  Schneider  Drive,  Stoughton, 

Wiscortsin  53589 

Synchrotron  radiation  sources  are  used  for  a  variety  of  measurements  of  magnetic  materials, 
including  photoemission  spectroscopy  of  band-structure  (both  with  and  without  spin  polarization), 
photoabsorption  spectroscopy,  and  x-ray  scattering.  Recently,  considerable  attention  has  been  paid 
to  applications  of  circularly  polarized  monochromatic  synchrotron  radiation  to  spectroscopy  and 
scattering  of  mapetic  ihaterials.  Ma^etic  x-ray  circular  dichroism  (MXCD),  present  in  both  x-ray 
absorption*”^  and  x-ray  phdfoeniission  spectra,^’*  can  be  used  as  a  site-  and  element-specific  probe 
of  lo^  magnetic  moment.  V^th  suitable  instrumentation,  the  MXCD  eiGFect  can  be  used  to  image 
magnetic  domain  structure  of  surfaces  and  buried  layers,  with  element  (and  potentially 
chemical-state)  specificity.®  Examples  of  studies  using  MXCD  with  an  existing  bending-magnet 
light  source  will  be  shown,  and  used  to  introduce  the  performance  of  a  new,  u'ndulator-based 
variable  polarization  beamline  under  construction  at  SRC. 


The  Synchrotron  Radiation  Center  is  supported  by  the  National  Science 
Foundation,  Division  of  Materials  Research. 
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High  magnetic :fieid;research:  Overview  of  facilities  and  science 
and  technology  opportunities  (invited)  (abstract) 

J.  E.  Crow  and  H.  J.  Schneider-Muntau 

National  High  Magnetic' Field  Laboratory,  Florida  State  University,  Tallahassee,  Florida  32306 
D.  M.  Parkin 

Center  for  Materials  Science,  Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  87545 
N.  Sullivan 

Department  of  Physics,  University  of  Florida,  Gainesville,  Florida  32611 

A  number  of  specialized  facilities  have  been  developed  or  are  under  development  throughout  the 
vrorld  to  support  research  at  high  magnetic  fields  in  a  broad  range  of  science  and  technology  areas. 
These  facilities  provide  continuous  magnetic  fields  up  to  32-35  T  and  pulsed  fields  up  to  50-70  T 
for  tens  of  ms  periods  with  fields  beyond  100  T  for  several  /is.  During  the  last  several  years,  new 
laboratories  have  been  planned  and  are  being  developed  within  the  United  States  and  Japan  with 
major  expansions  of  facilities  occurring  in  France,  The  Netherlands,  and  other  countries.  The 
National  High  Magnetic  Field  Laboratory,  presently  under  construction  in  the  United  States,  will 
include  superconducting  magnets  (B=s20  T),  resistive  magnets  (3^25-35  T  depending  on  bore 
and  power),  hybrid  magnet  (fl=s45-50  T),  and  pulsed  fields  (B^60-70  T  for  100  ms,  B^50- 
70  T  for  10-20  ms  and  B=s250  T  for  about  10  /is).  These  new  facilities  within  the  United  States 
and  elsewhere  will  expand  the  research  opportunities  at  the  extremes  of  parameter  space,  i.e., 
magnetic  field,  ultralow  temperatures,  and  high  pressures,  for  researchers  in  the  life  and  condensed 
matter  science  areas.  An  overview  of  the  facilities  throughout  the  world  will  be  presented  along  with 
a  brief  discussion  of  the  science  opportunities  and  recent  results  at  the  extremes  of  high  magnetic 
field. 


Supponed  by  the  National  Science  Foundation  through  NSF  Cooperative 
Agreement  No.  DMR  9016241  and  the  State  of  Florida. 
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LiNiOa:  Quantum  liquid  or  concentrated  spin  giass? 

M.  Rosenberg  and  P.  Stelmaszyk 

Experimentalphysik  VI,  Ruhr-Vniversitat  Bochum,  44780  Bochum,  Bundesrepublik  Deutschland 

V.  Klein  and  S.  Kemmler-Sack 

Institut  fiir  Anorganische  Chemie  der  Universitat,  Auf  der  Morgenstelle  18,  72076  Tubingen, 

Bundesrepublik  Deutschland 

G.  Filoti 

Institute  of  Physics  and  Technology  of  Materials,  PB-MG-07,  7000  Bucharest,  Magurele,  Romania 

From  the  magnetic  and  Mossbauer  spectroscopy  study  of  LiNij_^Fe^02  with  jc=0,  0.01,  0.05,  and 
0.10  evidence  for  strong  ferromagnetic  correlations  and  spin  freezing  at  low  temperatures  was 
found,  reminding  many  characteristic  features  of  spin  glass  behavior  in  variance  with  models 
describing  the  ground  state  of  LiNi02  as  a  quantum  liquid. 


The  ternary  oxide  LiNi02  was  widely  accepted  to  be  a 
model  compound  for  the  two-dimensional  (2D)  antiferro¬ 
magnetic  triangular  lattice  (AFTL)  with  S=l/2  and  an  Ising- 
like  anisotropy.  This  material  has  acquired  special  interest, 
since  it  was  suggested  that  it  may  have  a  resonance  valence 
bond  (RVB)  ground  state,  and  so  probably  can  contribute  to 
the  understanding  of  the  mechanism  of  the  high 
superconductivity.*  According  to  the  RVB  model  the  ground 
state  has  to  behave  as  a  quantum  liquid  with  no  long-ra. 
magnetic  order,  energetically  more  favorable  as  a  classical 
antiferromagnetic  type  of  order.  Parallel  to  the  theoretical 
development,  a  lot  of  experimental  work,  including  mainly 
magnetic  and  specific  heat  measurements,  electron  spin  reso¬ 
nance  (ESR),  nuclear  magnetic  resonance  (NMR),  neutron 
scattering,  and  magnetic  relaxation  studies,  was  invested  in 
order  to  elucidate  the  main  point,  namely,  the  nature  of  the 
ground  state  of  LiNi02  (see  for  instance  the  references  men¬ 
tioned  in  the  papers  by  Kemp  et  al}  and  Hirota  et  al?). 

Because  of  the  still  controversial  character  of  many  ex¬ 
perimental  results  and  their  interpretation  we  decided  to  ex¬ 
tend  the  study  of  LiNi02  especially  in  order  to  better  under¬ 
stand  the  influence  of  the  stoichiometry  on  tr.e  magnetic 
properties  and  to  define  the  type  of  magnetic  sute  occurring 
at  lower  temperatures.  For  the  latter  purpose  we  used  the 
Mossbauer  spectroscopy  of  LiNi02  samples  doped  with  ^^Fe. 

The  samples  A-F  with  the  intended  composition 
LiNii_^Fe;t02  (first  column  of  Table  I)  were  prepared  from 
the  intimately  mixed  (agate  mortar)  starting  materials;  LiOH 
H2O  (alpha),  NiO  (puratronic,  Johnson-Matthey),  and  ^’Fe 
(medgenix)  by  firing  in  corundum  crucibles  (degussit  A1  23) 
in  air  at  800  °C  {3X28h  with  intermediate  regrindings  for 
samples  with  x=Q)  or  at  750  °C  {20h  with  several  regrind¬ 
ings  for  the  samples  with  x=0.01).  X-ray  checks  (Philips 
powder  diffractometer,  Cu  Ka  radiation,  Au  standard) 
showed  all  Ni  containing  materials  to  crystallize  in  the 
a-NaFe02  structure  (space  group  R3m).  The  average  oxida¬ 
tion  state  of  Ni,  determined  by  redox  titration  with 
Fe^^lCi20\~  is  given  in  Table  I.  The  extremely  large  value 
of  3.70  for  the  degree  of  oxidation  of  sample  C  was  reached 


after  an  extra  24-h-long  treatment  of  sample  A  in  SO4H2. 

The  temperature  dependence  of  the  magnetic  susceptibil¬ 
ity  measured  in  a  field  of  1.5  T  and  of  the  reciprocal  suscep¬ 
tibility  for  the  samples  A,  B,  and  C  is  shown  in  Fig.  1.  In  all 
cases  a  behavior  similar  to  that  of  a  spin  system  which  orders 
or  freezes  at  low  temperatures  and  with  strong  ferromagnetic 
correlations  was  observed.  A  Curie- Weiss  dependence  was 
found  above  temperatures  which  depend  on  composition, 
starting  with  about  150  K  for  sample  A.  The  values  of  the 
Curie  constants  corrected  for  the  core  diamagnetism  and  of 
the  derived  values  of  the  asymptotic  Curie  temperature  i9p 
and  of  the  effective  number  of  Bohr  magnetons  are 
given  in  Table  I.  One  can  see  that  dp  increases  with  the 
degree  of  oxidation  and  with  the  Fe  content. 

A  good  agreement  between  the  experimental  values  of 
the  Curie  constants  and  the  expectations  based  on  the  degree 
of  oxidation  of  the  samples  A  and  C  and  of  the  amount  of  Fe 
in  the  samples  D,  E,  and  F  can  be  found  under  the  assump¬ 
tion  that  the  Ni^^  and  Ni^'*'  ions  are  in  the  low  spin  states 
and  (t2g)^  with  the  spin  numbers  1/2  and  0,  re¬ 
spectively,  and  the  Fe  atoms  are  present  in  the  Fe^^  high  spin 
state  (t2g)^(^g)^  with  the  spin  5=5/2.  The  agreement  is  ex- 


TABLE  I.  Intended  composition,  average  Ni  value  determined  from  the 
degree  of  oxidation  0^ ,  molar  Curie  constant,  asymptotic  Curie  temperature 
Op ,  effective  number  of  Bohr  magnetons  per  transition  metal  atom  of 
the  intended  composition  and  magnetic  transition  temperature  ■ 


Intended 

composition 

6. 

(cm’Kmor‘) 

(K) 

(Pa) 

Tc 

(K) 

A  LiNiOj 

+2.85 

0.51 

.12 

1.96 

81.2 

B  LiNi02 

+2.66 

0.33 

182 

1.62 

82 

C  U,-;,Ni02 

0  LriNi()99 

+3.70 

0.16 

159 

1.09 

110 

F«0.0iO2 

H  LiNio95 

+2.93 

0.48 

114 

1.96 

81 

FC005O2 

0.62 

123 

2.23 

94 

F  LiNiow 

Feo  10O2 

0.75 

138 

2.45 

104.5 
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FIG.  1.  Magnetic  susceptibility  and  its  inverse  value  vs  temperature  for  the 
samples  A,  B,  and  C. 


T  (  K) 


FIG.  3.  Temperature  dependence  of  the  zero-iield-cooled  and  field-cooled 
susceptibility  of  sample  D. 


cellent  for  the  samples  A  and  F.  The  slightly  larger  experi¬ 
mental  values  found  for  samples  D  and  E  can  result  from  the 
presence  of  a  small  amount  of  the  Ni  atoms  in  form  of  ■Ni^'*^ 
ions  with  5=1.  An  interesting  point  is  the  behavior  in  low 
magnetic  fields  where  different  temperature  dependencies  for 
the  zero-field-cooled  (ZFC)  and  field-cooled  (FC)  regimes 
were  observed  as  can  be  seen  in  Fig.  2  for  sample  A  and  Fig. 
3  for  the  sample  D.  In  weak  fields  at  temperatures  between 
4.2  and  20  K  the  susceptibility  has  very  low  values.  Above 
20  K  the  susceptibility  starts  to  rise  in  a  way  similar  to  that 
occurring  in  the  case  of  reentrant  spin  glass  behavior.  The 
ZFC  curves  are  below  the  FC  ones  and  their  maximum  shifts 
to  higher  temperatures  when  decreasing  the  field.  Above  a 
given  temperature  which  depends  on  the  field  strength  there 
is  no  more  any  difference  between  ZFC  and  FC  curves.  Us¬ 
ing  the  kink  point  method  one  can  determine  the  magnetic 
ordering  or  freezing  temperatures  Tc  given  in  the  last  column 
of  Table  I.  One  can  see  that  as  was  the  case  with  the  mag¬ 
netic  susceptibility  the  values  increase  with  the  Fe  con¬ 
centration. 


At  not  too  high  values  of  the  applied  field  the  ZFC  and 
FC  values  of  the  magnetization  become  identical.  At  any 
temperature  below  the  magnetization  process  in  increas¬ 
ing  fields  has  a  hysteretic  character  as  can  be  seen  for  the 
sample  A  in  Fig.  4.  The  magnetization  curve  measured  in 
fields  up  to  14  T  is  shown  in  the  inset  of  the  same  figure. 
From  this  high-field  measurement  one  obtains  a  value  of  the 
magnetization  Afj=56,  9  A  m^  kg"’  corresponding  to  an  av¬ 
erage  moment  per  Ni  atom  of  1  Atjj-  This  value  confirms 
again  the  assumption  of  the  low  spin  state  of  Ni^^.  But  in 
view  of  the  presence  of  15%  Ni^"*  ions  in  this  sample  ac¬ 
cording  to  the  measured  degree  of  oxidation  we  would  ex¬ 
pect  a  slightly  higher  value  of  the  magnetization  for  a  paral¬ 
lel  alignment  of  all  the  Ni  spins  but  the  field  of  14  T  is  not 
strong  enough  in  order  to  reach  the  saturation. 

When  considering  the  magnetic  properties  of  our 
samples  the  strong  analogy  with  the  behavior  of  spin  glasses 
as  we  already  mentioned  in  a  previous  paper'*  cannot  be  over¬ 
looked.  The  presence  of  strong  ferromagnetic  correlations 
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FIG.  2.  Temperature  dependence  of  the  zero-field-cooled  and  field-cooled 
susceptibility  of  sample  A. 
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FIG.  4.  Hysteresis  loops  of  sample  A  taken  at  different  temperatures.  Inset; 
Magnetization  curve  at  4.2  K  in  fields  up  to  14  T. 
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FIG.  5.  Average  Fe  hyperfine  field  and  amount  of  the  paramagnetic  phase  in 
dependence  on  temperature  for  the  samples  D  and  E. 


and  spin  glass  behavior  was  also  reported  for  LiNi02  by 
Kemp  et  al?  and  spin  glass  behavior  was  mentioned  very 
recently  by  Reimers  et  al.^ 

A  deeper  insight  into  the  understanding  of  the  magnetic 
properties  of  LiNi02  was  gained  from  the  Mossbauer  spec¬ 
troscopy  study  of  the  LiNij  _;t^’Fe^02  samples.  For  all  three 
compositions  studied,  the  Mossbauer  spectra  were  magneti¬ 
cally  split  below  Tc  •  A  distribution  of  hyperfine  fields  is 
always  present,  ranging  for  0.01  between  52.8  and  40.2  T 
for  instance.  TVo  main  features  characterize  the  Mossbauer 
spectra  below  :  (1)  a  strong  Ising  relaxation,  and  (2)  the 
presence  of  a  paramagnetic  doublet  above  about  20  K  with 
gradualy  increasing  intensity  up  to  about  60  K  followed  by  a 
drastic  change  up  to  100%  over  a  10-15  K  temperature  in¬ 
terval. 

The  temperature  dependence  of  the  average  hyperfine 
field  HF  and  of  the  concentration  of  the  paramagnetic  com¬ 
ponent  for  a:=0.01  and  0.05  are  shown  in  Fig.  5.  The  rela¬ 
tively  sharp  increase  of  HF  between  20  and  4.2  K  evidences 
the  possible  occurrence  of  a  peculiar  change  in  the  magnetic 
properties  around  20  K  reminding  again  a  reentrant  spin 
glass  behavior  as  was  the  case  with  the  temperature  depen¬ 
dence  of  the  susceptibility  in  low  fields. 

The  presence  of  a  temperature-dependent  HF  is  clear 
evidence  for  spin  freezing  below  involving  obviously 
both  Fe  and  Ni  spins.  This  result  is  in  excellent  agreement 
with  the  recent  results  of  the  neutron  scattering  studies  of 
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LiNi02,  where  strong  inelastic  difihise  scattering  has  been 
observed,  instead  of  the  antiferromagnetic  Bragg  scattering® 
together  with  an  evidence  for  ferromagnetic  short-range  cor¬ 
relations  increasing  in  intensity  below  240  K  and  exhibiting 
a  divergency  at  35  K.’ 

A  point  which  requires  an  explanation  is  the  presence  of 
the  paramagnetic  phase  appearing  around  20  K  and  increas¬ 
ing  in  intensity  with  temperature  already  mentioned  above 
(Fig.  5).  Matsubara  and  Inawashiro  for  instance  analyzed  the 
spin  stracture  for  a  hexagonal  close-packed  (hep)  lattice  with 
interlayer  and  intralayer  next-neighbor  interactions.®  They 
could  show  that  for  the  Ising-like  case  with  strong  frustra¬ 
tion,  their  model  exhibited  at  inteimediate  temperatures,  a 
special  paramagnetic  phase  with  a  short-range  order  of  the  z 
component  of  the  spin  characterized  by  an  incomensurate 
period.  At  higher  temperatures  this  phase  transforms  in  the 
“pure”  paramagnetic  one,  whereas  at  lower  temperatures  a 
so-called  nonperiodic  frozen  spin  phase  will  occur. 

Is  the  above-mentioned  paramagnetic  component,  which 
develops  in  the  Mossbauer  spectra  of  Fe-doped  LiNi02 
above  20  K,  the  phase  predicted  in  Ref.  8?  Or  is  the  para¬ 
magnetic  component  the  result  of  a  distribution  of  spin  freez¬ 
ing  temperatures  occurring  owing  to  the  frustration  condi¬ 
tions  arising  in  the  triangular  lattice  and  to  the  presence  of 
such  defects  as  for  instance  intersite  exchanged  Ni  and  Li 
ions?  There  is  no  definite  answer  to  these  questions  at  the 
present  time. 

In  conclusion  one  can  only  say  that  the  LiNi02  samples 
we  studied  as  well  as  the  other  ones  studied  by  other  groups 
behave  magnetically  at  low  temperatures  as  concentrated 
spin  glasses  and  in  some  respects  they  remind  a  reentrant 
spin  glass  behavior. 
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Disappearance  of  three-dimensional  magnetic  ordering  in  Gd2Cu04 

T.  Chattopadhyay  and  P.  J,  Brown 

Institut  Laue-Langevin,  S;P.  156X,  38042  Grenoble  Cedex,  France 

B.  Roessli 

Labor  fiir'Neuironenstreuung,  ETHZ,  CH-5232  Villigen  PSI,  Switzerland 

The  magietic  ordering  of  an  isotope  (*^®Gd)  enriched  Gd2Cu04  single  crystal  has  been  investigated 
by  neutron  diffraction  in  the  temperature  range  1.5-50  K.  The  three-dimensional  magnetic  order  of 
the  Gu  siiblattice  is  found  to  disappear  abruptly  in  a  narrow  temperature  range  close  to  7  K  which 
is  just  above,  the  ordering  temperature  of  the  Gd  sublattice  [r;y,(Gd)=6.4  K].  This  result  is  thought 
to  be  intimately  related  to  the  structural  distortion  of  the  CuO  planes  which  gives  rise  to  weak 
ferromagnetisnj.  The  lack  of  three-dimensional  order  in  the  structural  distortion  imposes  itself  on  the 
antiferromagnetic  arrangement  of  the  Cu  sublattice  through  the  Cu-Gd  and  Gd-Gd  interactions  and 
the  different  and  incompatible  wave  vectors  of  the  Cu  and  Gd  magnetic  sublattices. 


The  class  of  superconducting  materials 
R2-;tM^Cu04(R=Pr,  Nd,  Sm,  and  Eu;  M=Ce,  Th),  for 
which  electrons,  rather  than  holes,  in  the  CUO2  planes  are  the 
charge  carriers  have  been  investigated  quite  intehsively.*"”* 
The  magnetic  properties  of  these  materials  have  also  been 
studied  in  order  to  discover  whether  the  magnetic  interaction 
plays  any  role  in  Cooper  pair  formation.  The  Cu  magnetic 
moments  in  the  parent  compounds  R2CUO4  of  the  electron- 
doped  superconductors  order  at  temperatures  in  the  range 
245-285  K  whereas  the  rare-earth  moments,  when  they  are 
nonzero,  order  only  at  much  lower  temperatures  (1-6  K). 
Three  types  of  magnetic  interactions:  Cu-Cu,  Cu-R,  and  R-R, 
govern  the  magnetic  properties  of  these  materials  of  which 
the  Cu-Cu  interaction  is  by  far  the  strongest.  These  magnetic 
interactions  are  presumably  superexchange  interactions  via 
oxygen.  The  R-R  magnetic  interaction  is  weak  being  of  the 
order  of  a  few  degrees  K.  The  magnitude  of  the  Cu-R  inter¬ 
action  is  not  known  definitely  but  cannot  be  much  greater 
than  that  of  R-R.  For  temperatures  above  about  50  K  the 
magnetic  properties  of  these  compounds  are  essentially  gov¬ 
erned  by  the  strong  Cu-Cu  interaction;  but  at  lower  tempera¬ 
tures  Cu-R  and  R-R  magnetic  interactions  become  increas¬ 
ingly  important.  Interplay  amongst  these  three  types  of 
interactions  leads  to  interesting  magnetic  properties  at  lower 
temperatures.  The  inherent  frustration  of  the  structure  with 
respect  to  antiferromagnetic  ordering  is  also  expected  to  play 
an  important  role  in  the  magnetic  properties  of  these  classes 
of  compounds. 

Gd2Cu04  behaves  rather  differently  from  the  rest  of  the 
R2CUO4  series.  Although  Gd2Cu04  is  as  easily  doped  with 
Ce  or  Th  as  the  other  members  of  the  R2CUO4  (R=Pr,  Nd, 
Sm,  and  Eu)  family,  it  does  not,  as  they  do,  become 
superconducting.'*  Gd2Cu04  along  with  other  heavy  rare- 
earth  compounds  (Eu  through  Yb)  also  shows  weak  ferro- 
mapetism  below  the  copper  ordering  temperature.^  The  an- 
titerromapetic  ordering  of  both  Gd  and  Cu  sublattices  has 
been  investigated  by  neutron  diffraction  on  isotope  (*^*Gd) 
enriched  Gd2Cu04  single  crystals.^’’  Below  1=6.4  K  Gd 
moments  order  antiferromagnetically  with  the  wave  vector 
k=(0,0,0).  Ferromagnetic  Gd  layers  parallel  to  the  a-b  plane 
are  antiferromapetically  stacked  along  [001].  Cu^"*^  ions  in 
Gd2Cu04  orders  at  Tf/ =285  K  to  the  La2Ni04  type  antifer- 


romapetic  structure  with  the  propagation  vector  k= (5,5,0). 
However,  the  previous  neutron  diffraction  investigation^  of 
the  magnetic  ordering  of  the  Cu  sublattice  was  restricted  to 
temperatures  above  40  K.  In  the  present  paper  we  report  the 
investigation  of  the  magnetic  ordering  of  the  Cu  sublattice 
down  to  1.5  K. 

The  neutron  diffraction  experiments  were  performed  on 
the  same  isotope  (*^®Gd)  enriched  Gd2Cu04  plate  shaped 
single  crystal  of  Ref.  7  of  size  20X10X2  mm^  on  the  two- 
axis  diffractometer  P2AX  of  the  Saphir  reactor  of  the  Labor 
fur  Neutronenstreuung,  ETH  Zurich.  The  crystal  was 
mounted  inside  a  helium  cryostat  on  the  diffractometer  with 
the  [lio]  crystallographic  direction  parallel  to  the  to  axis  of 
the  diffractometer.  We  have  used  both  pyrolytic  paphite  (PG 
002)  and  Cu(220)  monochromators  to  get  incident  neutron 
wavelengths  of  1.05  and  0.84  A,  respectively.  To  cut  off 
higher  order  harmonics  of  the  incident  wavelengths  we  used 
Pu-Al  alloy  and  Er  filters  for  1.05  and  0.84  A,  respectively. 

Gd2Cu04  crystallizes  in  the  tetragonal  space  group  74/ 
mmm  (T'-phase).  The  lattice  parameters  at  room  tempera¬ 
tures  are  a  =3.892  A,  c  =  11.878  A.  Figure  1  shows  the  mag¬ 
netic  structure  of  Gd2Cu04  below  6.4  K.  This  magnetic 
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FIG.  1.  Magnetic  structure  of  Gd2Cu04  below  Tn{GA).  Note  that  the  spin 
directions  of  the  Cu  and  Gd  sublattices  are  at  right  angles.  The  structure 
model  assumes  a  single-k  ordering  of  the  Cu  sublattice. 


6816  J.  Appl.  Phys.  75  (10),  15  May  1994 


0021  -8979/94/75(10)/681 6/3/$6.00 


©  1994  American  Institute  of  Physics 


FIG.  2.  Temperature  variation  of  the  integrated  intensity  of  the  002  reflec¬ 
tion.  Below  JivCGd)  this  reflection  consists  of  nuclear  and  magnetic  contri¬ 
butions  of  which  the  latter  decreases  continuously  and  disappears  at 
7’jv(Gd)=6.4  K.  Above  ^^^(Gd)  the  002  reflection  is  purely  of  nuclear  origin. 
The  presence  of  magnetic  contribution  to  the  002  reflection  excludes  the 
possibility  that  the  Gd  magnetic  moments  are  parallel  to  the  c  axis. 


Structure  model  of  Gd2Cu04  below  the  ordering  temperature 
of  Gd  sublattice  has  been  derived  from  the  neutron  diffrac¬ 
tion  results  of  Refs.  6  and  7.  Note  that  the  order  in  the  Cu 
sublattice  is  given  by  a  single-k  model  and  we  have  assumed 
that  the  Gd  and  Cu  spin  directions  are  perpendicular  so  that 
they  are  independent  of  one  another.  A  noncollinear  double-k 
magnetic  structure  of  Cu  sublattice  can  not  be  ruled  out  on 
the  basis  of  the  neutron  diffraction  measurements,’  since  it 
cannot  be  distinguished  from  the  single-k  model  without  ap¬ 
plying  either  magnetic  Held  or  uniaxial  stress.  The  magnetic 
structure  of  Gd2Cu04  in  the  temperature  range  40  K<T 
<285  K  is  basically  the  structure  of  just  the  Cu  sublattice  in 
Fig.  1.  The  Gd  sublattice  is  paramagnetic  except  for  a  small 
ordered  magnetic  moment  aligned  by  interaction  with  the 
antiferromagnetic  Cu  sublattice. 

In  the  present  neutron  diffraction  investigations  we  have 
measured  the  temperature  variation  of  the  integrated  intensi¬ 
ties  of  002,  y,l  and  y,3  reflections  in  the  temperature  range 
1.5  to  50  K.  The  intensity  of  the  002  reflection  was  used  to 
monitor  the  spontaneous  ordering  of  the  Gd  sublattices.  Fig¬ 
ure  2  shows  the  temperature  variation  of  this  reflection.  It 
showed  no  significant  variation  between  6.4  and  40  K  indi¬ 
cating  that  in  this  temperature  range  it  contains  no  appre¬ 
ciable  magnetic  contribution.  The  intensity  of  this  reflection 
increases  strongly  with  decreasing  temperature  below 
rjv(Gd)=6.4  K  proving  conclusively  that  the  magnetic  mo¬ 
ment  of  Gd  atoms  cannot  be  oriented  parallel  to  [001].®  The 
integrated  intensity  of  the  y,l  magnetic  reflection  increases 
continuously  with  decreasing  temperature  below 
7’^(Cu)=285  K  down  to  45  K  as  was  shown  in  Ref.  7.  In 
Fig.  3  we  show  the  temperature  dependence  of  the  integrated 
intensity  of  this  reflection  at  lower  temperatures.  At  about  45 
K  it  starts  to  decrease  and  shows  a  minimum  at  about  20  K 
before  it  regains  its  previous  maximum  value  at  about  8  K. 
This  broad  minimum  in  intensity  at  about  20  K  suggests 
some  kind  of  phase  transition  also  shown  by  magnetization 
and  electron  paramagnetic  resonance  (EPR)  measurements.® 
The  most  unexpected  feature  of  the  data  is  the  sudden  and 


FIG.  3.  Temperature  variation  of  the  integrated  intensity  of  the  y,l  reflec¬ 
tion  in  the  temperature  range  1.5-45  K  showing  a  broad  minimum  at  about 
20  K  and  a  further  sharp  minimum  at  about  7  K.  The  first  anomaly  in 
associated  with  the  weak  ferromagnetism,  whereas  the  second  anomaly  is 
interpreted  to  be  due  to  the  disappearance  of  the  three-dimensional  ordering 
of  the  Cu  magnetic  moments. 


complete  disappearance  of  the  y,l  reflection  at  r=7  K.  Be¬ 
low  T/yCGd)  intensity  of  this  reflection  increases  again  in 
much  the  same  way  as  the  002  reflection.  The  anomalies 
observed  in  the  temperature  dependence  of  the  y,l  reflection 
probably  have  the  same  origin  as  those  observed  around  the 
same  temperatures  in  the  magnetic  susceptibility.^  The  y,3 
reflection  was  found  to  be  very  weak  and  was  difficult  to 
measure  becau.se  of  \/2  contamination  from  116  which  is  a 
strong  nuclear  reflection.  However,  by  using  a  neutron  wave¬ 
length  of  0.84  A  and  a  0.5-mm  Er  filter  it  was  possible  to 
almost  completely  eliminate  X/2  and  to  show  that  the  y,3 
intensity  remains  close  to  zero  in  the  whole  temperature 
range.  The  scattering  amplitude  in  this  reflection  due  to  the 
induced  antiferromagnetic  component  of  the  moment  on  the 
Gd  sublattice  must  therefore  be  of  opposite  sign  and  almost 
equal  in  magnitude  to  that  contributed  by  the  Cu  sublattice. 
This  implies  that  the  susceptibility  of  the  Gd  sublattice  is 
almost  independent  of  temperature  and  that  /iG(i~A'Mcu  with 
,Y=0.9±0.3.  Search  for  magnetic  reflections  at  Q=(y,0),  ( 
y,2),  and  (y,3)  and  other  incommensurate  positions  in  the 
Brillouin  zone  at  the  temperature  (7  K)  at  which  the  y,l 
disappeared  did  not  reveal  any  magnetic  intensity.  The  direc¬ 
tions  scanned  are  shown  in  Fig.  4.  This  result  suggests  that  at 
this  temperature  the  three-dimensional  magnetic  ordering  of 
the  copper  sublattice  temporarily  disappears. 

The  disappearance  of  three-dimensional  magnetic  order¬ 
ing  of  the  Cu  sublattice  just  above  the  ordering  temperature 
of  the  Gd  sublattice  is  intimately  connected  with  the  weak 
ferromagnetism  of  Gd2Cu04.  Since  weak  ferromagnetism  is 
forbidden  both  for  nonzero  propagation  vectors  and  in  the 
tetragonal  space  group  lAlmmm  of  Gd2Cu04  some  structural 
distortion  which  changes  the  periodicity  and  rowers  the  sym¬ 
metry  must  be  present.  It  has  been  suggested®  that  it  is  oxy¬ 
gen  displacements  in  the  Cu02  planes  which  allow  weak 
ferromagnetism  in  Gd2Cu04.  In  a  recent  paper®  we  have 
proposed  a  model  in  which  oxygen  atoms  are  displaced  per¬ 
pendicular  to  the  ideal  Cu-O-Cu  bond  direction  in  accor¬ 
dance  with  the  x-ray  measurements.  Of  the  two  possible  dis¬ 
placement  patterns  we  chose  the  one  for  which  there  is  a  real 
antisymmetric  exchange  interaction  of  the  Dzyaloshinski- 
Moriya  type  between  the  nearest  neighbors  within  the  CUO2 
planes.  For  macroscopic  weak  ferromagnetism  to  occur  the 
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FIG.  4.  The  reciprocal  lattice  of  Gd2Cu04  corresponding  to  the  scattering 
plane.  The  directions  scanned  for  detecting  possible  magnetic  intensity  are 
marked  by  thick  lines.  No  magnetic  Bragg  intensity  has  been  detected  in  the 
reciprocal  scans  indicated  by  the  thick  lines. 


oxygen  displacements  within  a  plane  must  be  coherent  over 
relatively  long  distances.  However,  since  there  is  no  evi¬ 
dence  for  the  superlattice  reflections  which  would  character¬ 
ize  three-dimensional  order,  there  can  be  no  appreciable  cor¬ 
relation  between  the  signs  of  the  oxygen  displacements  in 
neighboring  CUO2  planes  along  the  c  direction.  In  the  tem¬ 
perature  range  Tfi(C\i)  to  about  20  K  the  overall  magnetic 
structure  of  Gd2Cu04  is  built  up  of  weakly  interacting  sand¬ 
wich  layers  stacked  along  c.  Each  such  layer  consists  of  a 
CUO2  plane  sandwiched  between  two  Gd  planes  and  pos¬ 
sesses  a  spontaneous  weak  ferromagnetic  moment.  This 
model  provides  a  possible  explanation  of  the  nature  of  the 
further  transformations  of  the  magnetic  structure  which  oc¬ 
cur  at  temperatures  below  50  K.  It  seems  probable  that  the 
driving  mechanism  for  these  structural  changes  is  the  antifer¬ 
romagnetic  interaction  between  neighboring  Gd  layers  along 
c.  Because  of  the  large  Gd  moment  this  interaction  becomes 
dominant  at  low  temperature.  At  temperatures  between 
TffiCv)  and  about  50  K  the  exchange  between  neighboring 
CUO2  planes  leads  to  three-dimensional  antifenomagnetic  or¬ 
dering  of  the  Cu  sublattice  in  which  the  relative  orientations 
of  the  antiferromagnetic  vector  L  in  neighboring  CUO2 
planes  are  .strongly  conelated.  Under  these  circumstances  the 
random  nature  of  the  signs  of  structural  distortions  in  differ¬ 
ent  CUO2  planes  imposes  a  frustrated  random  arrangement  of 
the  weak  fenomagnetic  vector  M.  There  are  two  distinct 
antiferromagnetic  Gd-Gd  interactions  which  are  important: 


that  between  the  Gd  planes  in  adjacent  sandwich  layers  and 
that  between  the  two  Gd  planes  in  the  same  sandwich  layer. 
Satisfying  the  former,  forces  the  M  vectors  in  adjacent  layers 
to  be  antiparaliel,  and  thus  trmsfers  the  effects  of  random¬ 
ness  in  the  structural  distortion  to  the  antiferromagnetic  vec¬ 
tors  L.  Satisfying  the  latter,  on  the  other  hand,  destroys  the 
weak  ferromagnetic  moment  M  of  the  layers  themselves. 
TTie  intensity  variation  of  the  y,l  reflection  shown  in  Fig.  3 
can  be  explained  if  the  effects  of  interlayer  Od-ou  interac¬ 
tions  start  to  be  manifest  at  a  higher  temperature  than  those 
of  intralayer  interactions.  Below  50  K  the  appearance  of 
some  correlation  between  the  M  vectors  in  adjacent  sand¬ 
wich  layers  leads  to  partial  disorder  of  the  L  vectors  and  a 
consequent  reduction  of  the  intensity  of  the  y,l  magnetic 
reflection.  However,  when  the  tempi  rature  falls  to  about  20 
K,  Gd-Gd  antiferromagnetic  correlation  inside  each  sand¬ 
wich  layer  starts  to  be  important  and  to  reduce  the  magnitude 
of  the  M  vectors  of  the  layers  themselves.  This  effect  not 
only  lowers  and  finally  eliminates  the  weak  ferromagnetic 
moment,  bui  also  reduces  the  exchange  field  leading  to  the 
disorder  of  the  L  vectors.  Hence,  the  recovery  of  the  inten¬ 
sity  of  the  y,l  reflection,  'fhe  disappearance  of  the  iil  re¬ 
flection  just  above  T^{Gd)  indicates  a  temporary  breakdown 
of  the  three-dimensional  magnetic  order  of  the  Cu  sublattice 
during  the  total  reorganization  of  the  magnetic  structure  re¬ 
quired  tc  satisfy  the  strong  antiferromagnetic  correlations  in 
both  the  Cu  and  Gd  sublattices. 
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Measurements  of  electron  paramagnetic  resonance  (EPR)  at  9  and  35  GHz  between  2  and  300  K  in 
single  crystals  and  powder  samples  of  CuGe03  are  presented.  Below  14  K  a  large  decrease  in  the 
intensity  of  the  EPR  signal  is  observed.  The  data  can  be  interpreted  as  due  to  a  spin-Peierls 
transition.  However,  an  alternative  interpretation  in  terms  of  a  simple  structural  transition  cannot  be 
ruled  out.  An  opening  of  an  energy  gap  of  ~25  K  is  calculated  from  the  analysis. 


It  is  now  well  established  that,  as  the  temperature  is 
reduced,  a  one-dimensional  (ID)  metallic  lattice  of  uni¬ 
formly  spaced  atoms  with  a  half-filled  conduction  band  can 
exhibit  a  Peierls  transition.^  Such  a  transition  results  from  a 
distortion  of  the  lattice  in  which  alternate  atoms  are  dis¬ 
placed  in  opposite  directions.  A  splitting  of  the  conduction 
band  and  a  reduction  in  the  energy  of  the  electrons  occupy¬ 
ing  the  lower  band  is  observed.  There  is  a  magnetic  analog  to 
the  electronic  Peierls  instability,  the  so-called  spin-Peierls 
(SP)  transition.^  A  uniform  antifenomagnetic  (AF)  quantum 
chain  becomes  unstable  with  respect  to  an  underlying  lattice 
distortion  which  dimerizes  into  AF  chains.^’^  It  has  been  ar¬ 
gued  that  for  the  SP  transition  to  occur,  the  3D  lattice,  where 
the  ID  magnetic  chains  are  embedded,  needs  first  to  undergo 
a  strong  softening.  A  softening  of  the  phonons  at  high  tem¬ 
perature  in  the  undimerized  state  has  been  found  in  the  few 
ID  organic  materials  where,  at  much  lower  temperature,  a  SP 
transition  has  been  observed.^ 

The  AF  chains  are  characterized  below  the  SP  transition 
by  an  energy  gap  between  a  nondegenerate  singlet  ground 
state  and  a  band  of  triple  excited  states.  The  energy  gap  is 
dependent  on  the  degree  of  alternation  and  goes  to  zero  in 
the  uniform  chain  limit.  In  zero  magnetic  field  the  transition 
is  second  order  and  the  degree  of  alternation  increases  as  the 
temperature,  T,  is  lowered,  reaching  its  maximum  at  7= 0 
The  first  experimental  evidence  confirming  the  exist¬ 
ence  of  such  compounds  followed  the  discovery  of  the  ID 
organic  materials  TTF-CuBDT,  TTF-AuBDT,  and 

MUM(TCNQ)2.  Their  properties  can  be  satisfactorily  ex¬ 
plained  within  the  framework  of  the  theory  of  a  SP 
transition.^  In  many  instances  the  spin-Peierls  nature  has 
been  disputed,  questioning  if  the  doubling  of  the  period  of 
the  ID  unit  cell  is  due  to  a  SP  instability.  The  observed 
alternation  of  the  AF  coupling  between  the  spins  can  be  just 
a  consequence  of  a  simple  structural  transition  which  results 
in  the  doubling  of  the  lattice  neriod.  It  is  then  important  to 
find  whether  or  not  the  AF  interaction  is  essential  to  the 
phase  transition. 


Recently  the  presence  of  a  SP  transition  has  been  re¬ 
ported  in  an  inorganic  compound,  CuGe03.*  That  study 
showed  that  the  isceptibility,  x>  in  all  the  directions  of  the 
crystal  rapidly  decreases  to  zero  below  14  K.  Besides,  the 
magnetic  field  dependence  of  the  transition  temperature,  T^p , 
agrees  well  with  the  theoretical  predictions  and  experimental 
results  reported  previously  for  the  organic  SP  systems.  Elec¬ 
tron  paramagnetic  resonince  (EPR)  is  an  ideal  technique  to 
study  CuGe03,  as  Cu^’  is  one  of  the  easiest  ions  to  detect  by 
EPR.  This  technique  has  been  shown  to  be  extremely  sensi¬ 
tive  for  studying  the  dynamics  of  low-dimensional  spin  sys¬ 
tems,  which  includes  the  already  well  characterized  SP 
systems.*’’’®  If  an  energy  gap  opens  in  this  compound,  with  a 
nonmagnetic  singlet  ground  state,  a  rapid  decrease  of  the 
intensity  of  the  Cu^''^  (5=1/2)  EPR  signal  is  expected. 

In  this  paper  we  present  measurements  of  EPR  at  9  and 
35  GHz  between  2  and  300  K  on  single  crystals  and  powder 
samples  of  CuGe03.  Single  crystals  of  about  0.  IX  0.5X3 
mm*  parallel  to  the  d,  b,  and  c  axes,  respectively,  were  ob¬ 
tained.  Powder  samples  were  prepared  by  the  usual  sintering 
method.  X-ray  studies  shows  no  trace  of  impurity  phases  and 
the  data  are  in  good  agreement  with  previous  reports  on  this 
compound.®  Previous  EPR  has  been  reported  in  CuGe03.'® 
However,  the  authors  did  not  observe  a  decrease  in  the  in¬ 
tensity  of  the  EPR  signal  or  at  least  did  not  report  it.  Instead, 
they  observed  for  7^7  K  an  increase  of  the  magnetization 
and  a  broadening  of  the  EPR  linewidth  which  they  attributed 
to  long-iange  magnetic  ordering. 

Magnetization  data  on  our  samples  are  similar  to  the 
data  reported  by  Hase  et  al.^  That  is,  a  rapid  decrease  of  the 
susceptibility  is  observed  below  14  K,  with  no  significant 
increase  below  7  K,  contrary  to  the  measurements  reported 
by  Petrakovskii  etal}^  A  strong  EPR  signal  of  Cu*"*  was 
measured  for  the  single  crystal  as  for  the  powder  samples  for 
7^  1 4  K.  The  intensity,  /,  of  the  signal  diminishes  rapidly 
below  this  temperature.  In  Fig.  1  we  show  the  linewidth, 
Af/,  as  a  function  of  7  for  a  single  crystal  measured  at  35 
GHz.  Similar  data  for  A//  are  obtained  at  9  GHz.  'fhe  inten- 
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FIG.  1.  EPR  linewidth  as  a  function  of  T  for  a  CuGe03  single  crystal 
measured  at  35  GHz. 


sity  was  estimated  by  finding  the  area  of  the  EPR  signal.  We 
present  /  vs  T  for  a  single  crystal  measured  at  35  and  9  GHz, 
and  susceptibility  data  in  Figs.  2-4,  respectively. 

The  angular  dependence  of  the  Cu^^  line  can  be  de¬ 
scribed  by  the  spin-Hamiltonian: 

//=/itBS-g.H,  (1) 

where  5=1/2,  g  is  the  gyromagnetic  tensor,  /tg  is  the  Bohr 
magneton,  and  H  the  external  magnetic  field.  In  Fig.  5  the 
angular  variation  of  the  gyromagnetic  factor  measured  at  35 
GHz  for  the  three  principal  lattice  planes  is  given.  The  g 
values  for  the  principal  axes,  obtained  from  the  best  fit  of  the 
data,  are  listed  in  Table  I  for  three  temperatures. 

The  first  question  to  ask  is  if  CuGe03  is  well  described 
by  ID  Heisenberg  AF.  If  anisotropic  components  would  be 
present  in  the  coupling  between  the  Cu  spins,  shifts  in  the  g 
values  as  a  function  of  T  would  be  observed.  As  seen  in 
Table  I  these  shifts  are  small,  so  the  principal  exchange 
mechanism  may  be  assumed  to  be  isotropic. 

In  Fig.  1  we  see  that  A//  increases  with  T  between  ~40 
and  300  K.  It  has  been  suggested  that  at  high  temperatures 


T{K) 


FIG.  2.  Intensity  of  the  Cu^"^  EPR  signal  vs  7,  for  a  single  crystal  of 
CuGeOj  measured  at  35  GHz  and  T&T^.  The  solid  curve  corresponds  to 
the  fitting  of  Eq.  (2)  with  m=42  K. 


T(K) 


FIG.  3.  Intensity  vs  7  for  a  single  crystal  measured  at  9  GHz.  The  solid 
curve  corresponds  to  the  best  fitting  to  Eq.  (2)  with  m=40  K. 


the  long  wavelength  modes,  constitute  the  dominant 
contribution  to  LH  for  a  ID  AF  chain,  with  A//  predicted  to 
be  proportional  to  In  our  case  the  agreement  is  good. 

The  increase  in  A^f  observed  in  single  crystals  for 
shown  in  Fig.  1  can  be  explained  is  follows:  The  number  of 
nonmagnetic  singlet  pairs  increases  as  we  lower  the  tempera¬ 
ture.  Then,  the  exchange  narrowing  becomes  less  effective 
and  A//  broadens.  However,  no  broadening  below  Tjp  has 
been  found  in  powder  samples.  We  do  not  have  an  explana¬ 
tion  for  this  behavior.  Other  mechanisms  such  as  the  interac¬ 
tion  between  chains,  short-range  ordering,  etc.,  may  also 
contribute  to  A//  at  lower  temperatures.  Finally,  the  broad¬ 
ening  observed  in  our  single  crystals  may  be  due  to  the  pres¬ 
ence  of  impurities  or  defects  in  them. 

For  T^Tsp  we  have  fitted  the  intensity  of  the  electron 
spin  resonance  (ESR)  line  to 

A  I  -m\ 

l(T)=j  exp|-y-J,  (2) 

this  expression  was  obtained  by  Bulaesvkii  for  an  alternating 
chain  of  spins  in  the  Hartree-Fock  approximation.*^  This 
approximation  is  expected  to  be  accurate  for  temperatures 


T(K) 


FIG.  4.  Susceptibility  data  taken  at  2  kOe  in  a  powder  sample.  The  solid 
curve  is  the  best  fitting  to  Eq.  (2)  with  m  =  45  K. 
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FIG.  5.  Angular  variation  of  the  gyromagnetic  factor  at  300, 100,  and  20  K. 
The  solid  curve  corresponds  to  the  best  fitting  to  Eq.  (1)  for  data  taken 
at  20  K. 


much  smaller  than  the  exchange  interaction,  T<J.  As  a 
value  of/~90  K  is  derived  for  CuGe03  from  data,^  Eq.  (2) 
should  be  a  good  approximation  for  T^T^p.  The  best  fitting 
to  the  data  taken  in  a  single  crystal  measured  at  9  and  35 
GHz,  on  powder  samples  measured  at  9  GHz,  and  suscepti¬ 
bility  data  give  values  of  ffi  =  40,  42,  46,  and  45  K,  respec¬ 
tively.  In  Figs.  2-4  the  solid  curve  shows  the  fitting  of  the 
data  to  Eq.  (2)  for  those  values  of  m. 

For  T^T^p  the  Heisenberg  Hamiltonian  for  a  ID  chain 
may  be  written  as*^ 
s/2 

//=2^iS2,.S2,_.+/2S2,..S2,.„,  (3) 

where  the  relation  between  the  two  alternating  J's  of  the 
chain  are  given  by*’*^ 

J,,2(.T)=J{1  +  S{T)},  (4) 

according  to  mean-field  theory  the  energy  gap  A(r)  is  given 
by 

^{T)=pJS{T),  (5) 

using  values  of  7 =90  K,*p=  1.637,^"*  andffi=43  Kfrom 
our  measurements,  we  obtained  0-7,  5(0)~0.17,  and 
A(0)~25  K  in  agreement  with  Hase  et  al^ 

Preliminary  specific  heat  measurements  show  a  \-shaped 
anomaly  at  ~14  K,  similar  to  that  observed  in  organic  SP 


TABIB  I.  Gyromagnetic  factors  for  the  three  principal  axes.  The  data  were 
taken  at  35  GHz. 


T(K) 

Sa 

Sb 

8c 

300 

2.170+0.004 

2.267  1  0.005 

2.078  +  0.002 

100 

2.160+0.002 

2.266  ±  0.002 

2.070  1  0.002 

20 

2.16210.002 

2.266  ±  0.002 

2.070  1  0.002 

systems.  Measurements  of  the  dc  magnetization  at  high 
magnetic  field,  up  to  26  T,  show  a  rapid  increase  of  M  at  ~12 
T  at  low  temperature.*®  In  summary,  our  EPR  results,  pre¬ 
liminary  specific  heat  and  high-field  dc  magnetization  could 
be  interpreted  as  due  to  an  SP  transition  in  CuGe03.  How¬ 
ever,  a  careful  analysis  of  the  data  is  needed  before  we  can 
rule  out  a  structural  transition  with  the  doubling  of  the  lattice 
period  as  the  origin  of  the  alternation  of  the  exchange  inter¬ 
action  in  the  spin  chain. 
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The  observation  of  a  magnetization  reversal  and  a  superparamagnetic  behavior  are  reported  for  films 
of  copper  ferrite  sputtered  in  an  oxygen  atmosphere.  X-ray  diffraction  studies  indicate  the  presence 
of  14-nm  nanoscale  crystals  of  CuFe204  in  the  films.  Data  on  the  temperature  dependence  of  the 
film  magnetization  M  for  zero-field-cooled  (ZFC)  and  field-cooled  (FC)  show  that  ZFC  and  FC 
curves  separate  at  a  temperature  Tf  and  that  Tf  decrease3  with  increasing  static  field  strength.  For 
T<Tf,M  vsT  da*a  for  low  fields  indicate  the  presence  of  a  compensation  point  in  virgin  samples. 
For  T>Tf,  &  supeiparamagnetic  character  is  evident  form  the  high-field  magnetization  data.  An 
average  cluster  size  of  16  nm  obtained  from  such  data  is  in  excellent  agreement  with  the  results  of 
x-ray  diffraction  studies. 


A  series  of  magnetically  ordered  amorphous  oxides  have 
been  synthesized  by  radio-frequency  (rf)  sputtering  in  the 
past  few  years.’"’  In  a  recent  article,  we  reported  on  the 
evidence  for  a  long-range  magnetic  order  in  amorphous  cop¬ 
per  fenite  films  prepared  by  rf  sputtering  in  a  mixed  02-Ar 
atmosphere.’  For  such  films,  the  magnetization.  Curie  tem¬ 
perature,  and  gyromagnetic  ratio  are  in  agreement  with  the 
values  expected  for  the  crystalline  copper  ferrite.  Therefore, 
the  spontaneous  moment  in  the  amorphous  films  is  suggested 
to  arise  from  ordered  clusters  with  a  magnetic  structure  simi¬ 
lar  to  that  of  ferrimagnetic  copper  ferrite. 

This  paper  deals  with  the  magnetic  properties  of  similar 
films  sputtered  in  a  pure  O2  atmosphere.  The  important  re¬ 
sults  of  this  work  are  as  follows:  (i)  Unlike  the  films  sput¬ 
tered  in  a  mixed  02-Ar  atmosphere  which  are  amorphous, 
x-ray  diffraction  (XRD)  data  for  oxygen  sputtered  samples 
reveal  the  presence  of  nanoscale  crystals  of  copper  ferrite, 
(ii)  Low-field  magnetization  (Af)-  data  for  virgin  samples 
show  a  sign  reversal,  i.e.,  a  compensation  point.  However, 
the  sign  reversal  does  not  occur  in  samples  exposed  to  static 
fields  (up  to  50  kOe).  (iii)  Above  the  spin  freezing  tempera¬ 
ture  Tf  (or  blocking  temperature),  the  films  exhibit  a  super- 
paramagnetic  character,  (iv)  The  cluster  size  estimated  from 
the  magnetization  data  agrees  with  the  results  of  XRD  data. 
Some  details  of  these  results  are  given  below. 

Samples  of  CuFe204  were  sputtered  from  a  target  of 
polycrystalline  copper  ferrite  prepared  by  the  conventional 
ceramic  technique.  The  target  was  mounted  in  a  magnetron 
gun  and  the  system  was  evacuated  to  a  base  pressure  of  0.01 
mTorr.  The  deposition  was  carried  out  in  a  sputter-down  con¬ 
figuration  in  pure  oxygen  at  a  pressure  of  1  mTorr  and  an  rf 
power  of  200  W  at  13.6  MHz,  l-/tm-thick  films  were  ob¬ 
tained  for  a  sputtering  duration  of  2  h  on  Corning  7059  glass 
and  silicon  substrates.  The  film  composition  was  determined 
by  energy  dispersive  x-ray  spectroscopy.  The  films  were  rich 
in  Fe  and  deficient  in  Cu,  and  the  maximum  deviation  in  the 
metal  ion  content  was  ±10%.  A  Rigaku/DMax  diffracto¬ 
meter  was  used  for  XRD  studies.  For  magnetic  measure¬ 
ments,  a  SQUID  magnetometer  (Quantum  Design,  model 


MPMS)  was  used  over  the  temperature  range  of  5-300  K 
and  static  fields  up  to  50  kOe. 

There  is  considerable  evidence  that  the  samples  contain 
clusters  (or  nanoscale  crystals)  of  CuFe204.  Consider  first 
the  XRD  data  in  Fig.  1  in  which  the  diffraction  patterns  are 
shown  for  Corning  7059  substrates  with  and  without  the 
film.  The  sample  spectra,  obtained  by  subtracting  the  sub¬ 
strate  background,  show  lines  at  angles  corresponding  to 
crystalline  CuFe204.  The  lines  are  considerably  broadened 
due  to  small  particle  size  and  nearby  lines  overlap.  Using  the 
most  intense  line  near  20=35®  (combination  of  220  and  311 
lines)  and  using  the  Scherrer  equation  for  the  particle  diam¬ 
eter  L=0.9X/(/3  cos  0),  where  \= 1.542  A  is  the  x-ray  wave¬ 
length  and  is  the  corrected  linewidth,®  we  obtain  an  aver¬ 
age  particle  diameter  of  14  nm.  Additional  evidence  for 
clustering  comes  from  magnetization  data  discussed  in  later 
sections. 


20(®) 


FIG.  1.  X-ray  powder  diffractograms  for  an  rf  sputtered  film  of  CuFe204  on 
a  Coming  7059  glass  substrate  and  for  the  substrate.  The  film  was  deposited 
in  a  pure  oxygen  atmosphere.  The  subtracted  diffractogram  for  the  film  is 
also  shown.  The  stick  diagram  is  for  single  crystal  CuFe204. 
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FIG.  2.  Variation  of  magnetization  M  with  temperature  T  for  rf  sputtered 
CuFe204  films.  The  data  arc  for  zero-field-cooled  (open  symbols)  and  field- 
cooled  (while  cooling)  cases  (filled  symbols).  Data  for /f =30, 100,  and  500 
Oe  were  taken  on  a  virgin  sample  whereas  data  at  W=20  Oe  were  obtained 
after  subjecting  the  sample  to  high  static  magnetic  fields.  Notice  that  the 
ZFC  and  FC  curves  separate  at  the  spin  freezing  temperature  Tf. 


Data  on  temperature  and  magnetic  field  dependence  of 
M  are  shown  in  Fig.  2  for  a  “virgin”  sample,  Our  measure¬ 
ments  at  //=30  Oe  show  that  there  is  a  sign  reversal  in  M  at 
K  in  a  ZFC  (zero-field-cooled)  sample  in  that  M  is 
negative  at  low  temperatures,  crossing  zero  near  115  K  and 
then  continues  to  increase  smoothly  reaching  a  maximum 
near  240  K.  After  reaching  300  K,  we  cooled  the  sample,  at 
the  same  time  taking  the  data  (FC)  as  the  sample  cooled  back 
to  5  K.  The  sign  reversal  in  ZFC  data  is  reminiscent  of  the 
compensation  point  observed  in  rare-earth  substituted  yt¬ 
trium  iron  garnets  and  in  rare-earth-transition  metal 
alloys.^’*® 

Kaneyoshi  and  Jascur“  have  predicted  a  similar  sign  re¬ 
versal  in  M  for  two-dimensional  amorphous  structures  con¬ 
taining  spin- 1/2  and  spin-1  ions.  The  theory  also  predicts  a 
decrease  in  T/f  with  increasing  H.  However,  it  is  not  clear  at 
present  whether  the  present  system  could  behave  like  an 
amorphous  structure  with  spins  frozen  in  a  random  direction 
even  though  M  data,  discussed  later,  show  spin  freezing  at 
temperatures  below  250  K.  Further,  we  obtained  M  vs  T  data 
under  ZFC  conditions  for  H =20  Oe  in  order  to  examine  the 
predicted  field  dependence  of  .  The  data  shown  in  Fig.  2 
for  a  sample  which  was  subjected  previously  to  high  static 
fields,  on  the  order  of  50  kOe,  reveal  that  a  sign  reversal  is 
no  longer  present.  Thus  it  may  be  necessary  to  study  the 
possible  variation  of  with  H  on  virgin  samples  unexposed 
to  large  fields.  The  important  inference  here  is  that  the  ob¬ 
servation  of  a  compensation  pointlike  effect  in  the  present 
system  merits  further  investigation. 

Similar  measurements  for  the  ZFC  and  FC  cases  were 
carried  out  for  //= 100  to  700  Oe.  Representative  data  at  100 
and  500  Oe  are  shown  in  Fig.  2.  At  these  higher  fields,  there 
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In  H 

FIG.  3.  Logarithmic  (natural)  plot  of  spin  freezing  temperature  TfVS  static 
magnetic  field  H,  yielding  a  slope  of  0.30  with  a  correlation  factor  of  0.99. 
Tf  values  were  obtained  from  data  as  in  Fig.  2  for  ZFC  and  FC  samples. 

is  no  sign  reversal  in  M  as  it  remains  positive  for  all  T 
values.  The  ZFC  and  FC  curves  separate  at  a  temperature  Tj , 
and  Tf  decreases  with  H  according  to  the  equation 
Tf=AH~’',  where  A  is  a  constant.  The  exponent  n  can  be 
determined  from  a  plot  of  In  ly  vs  In  H,  as  in  Fig.  3,  and  we 
obtain  «  =0.30  with  a  correlation  factor  /?=  0.99.  Such  a  de¬ 
crease  in  with  H,  with  «=0.25,  has  been  reported  for 
Bi-Fe-Cu  oxide  samples.'^ 

A  superparamagnetic  behavior  for  the  sputtered  films 
was  inferred  from  M  vs  H  data  at  a  series  of  temperatures. 
The  two  criteria  for  such  a  behavior  are  (i)  the  magnetization 
above  the  spin  freezing  (or  blocking)  temperature  must  scale 
as  H/T;  and  (ii)  M  vs  H  data  should  show  no  hysteresis 
above  the  blocking  temperature.*^  Figure  4  shows  the  varia¬ 
tion  of  M/M„  with  H/T  at  three  temperatures,  viz.,  200, 250, 
and  300  K.  Here,  represents  the  M  value  at  an  applied 
static  field  of  30  kOe.  It  is  obvious  from  the  figure  that  the 
magnetization  curves  at  different  temperatures  collapse  on  to 
the  same  curve. 

Figure  5  shows  M  vs  H  data  at  5  and  300  K,  i.e.,  for  T 
values  above  and  below  the  spin  freezing  temperatures  of 
150  to  250  K.  The  data  were  obtained  by  varying  H  in  steps 
from  zero  to  25  kOe  and  back  to  zero.  The  data  at  5  K  show 
hysteresis  and  a  remanence  of  11.5  emu/g  whereas  the  data  at 
300  K  do  not  show  any  hysteresis.  Thus  data  in  Figs.  4  and  5 
lead  to  the  conclusion  that  copper  ferrite  nanocrystals  in  the 
films  are  superparamagnetic. 

Data  on  H  dependence  of  M  at  300  K  can  then  be  used 
to  estimate  the  distribution  f{D)  in  the  size  of  clusters. 


H/T  (Oe/K) 


FIG.  4.  Variation  of  the  relative  magnetization  A//M»  with  HIT  for  7’=200, 
250,  and  300  K.  Af  „  corresponds  to  the  magnetization  at  a  static  field  of  30 
kOe.  The  data  indicate  a  superparamagnetic  character  for  CuFe204  films. 
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FIG.  S.  Static  magnetic  field  dependence  of  the  magnetization  for  CuFe204 
films  at  5  and  300  K  The  data  indicate  hysteresis  at  5  K  and  no  hysteresis 
at  300  K. 


where  D  is  the  size  (diameter)  of  the  clusters,  assuming  a  log 
normal  distribution.*'*  We  determined  a  cluster  size  distribu¬ 
tion  centered  around  16  nm  with  the  particle  size  ranging 
from  9  to  24  nm. 


In  conclusion,  structural  and  magnetic  characterization 
of  copper  ferrite  films  sputtered  in  oxygen  atmospheres  show 
that  the  films  contain  nanoscale  crystals  of  CuFe204. 

The  research  at  Oakland  University  was  supported  by  a 
grant  from  the  Petroleum  Research  Fund,  administered  by 
the  American  Chemical  Society. 
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The  structure  and  spin  dynamics  of  lanthanide-bearing  silicate  glasses 

A.  J.  G.  Ellison,  C.-K.  Loong,  and  J.  Wagner 
Argomte  National  Laboratory,  Argoime,  Illinois  60439 

The'structure  of  3Na20-R203*6Si02  (R=N(i,  Yb  and  Lu)  glasses  has  been  studied  by  time-of-flight 
neutron  diffraction.  The  average  Si-0  and  0-0  nearest-neighbor  coordination  is  found  to  be  similar 
to  those  of  the  Si04  tetrahedral  units  in  vitreous  Si02  and  other  silicate  glasses.  The  rare-earth  (RE) 
ions  coordinate  with  no  more  than  seven  nearest-neighbor  oxygen  atoms.  The  dynamic  and  static 
response  of  these  glasses  and  their  isochemical  crystalline  analogs  has  been  investigated  by  inelastic 
neutron  scattering  and  magnetic  sus^ptibility  measurements.  The  magnetic  excitation  spectra  were 
analyzed  by  a  ligand-field  model  using  a  method  of  descending  symmetry.  The  conelation  between 
short-range  atomic  order  in  a  network  glass  and  magnetic  interactions  of  the  RE  ions  with  the  local 
environment  is  discussed. 


Oxide  glasses  containing  rare-earth  (RE)  elements  serve 
a  wide  range  of  technological  functions,  ranging  &om  glass 
lasers  to  optical  components  with  exceptionally  high  indices 
of  refr'action.  Addition  of  RE  elements  to  glasses  influences 
the  behavior  of  other  components,  such  as  the  principal 
glass-forming  components,  and  mobile  charge-carrying  spe¬ 
cies  in  ionically  conducting  glasses.  RE  elements  are  also 
important  components  in  high-level  radioactive  waste,  which 
in  the  United  States  is  expected  to  be  permanently  stored  in 
borosilicate  glass.  Thus  there  has  .been  considerable  interest 
in  probing  the  environments  of  the  RE  elements  in  oxide 
glasses  and  the  impact  they  have  upon  the  chemistry  of  other 
components. 

In  the  (M20);t*(R203)^<(Si02)j_;(-j,  glasses  (M=Na,  K; 
R=RE  element)  glasses,  Raman  spectroscopy  implies  that 
the  chemistry  of  oxygen  is  significantly  affected  by  changes 
in  the  concentration  of  M'*'  and  However,  little  is 
known  about  the  effect  that  changes  in  the  concentration  of 

or  R^'*^  might  have  upon  the  chemistry  of  each  other. 
Inelastic  neutron  scattering  from  glasses  containing  lan¬ 
thanides  with  no  magnetic  moment,  such  as  La^'*^  or  Lu^"*^, 
can  be  used  to  obtain  an  average  neutron-weighted  vibra¬ 
tional  density  of  states,  which  can  be  used  to  develop  a  more 
comprehensive  model  of  contributions  to  various  vibrational 
modes  in  the  glasses.  The  interaction  between  the  neutron 
magnetic  moment  and  the  partially  filled  /  orbitals  of  a  RE 
element  produces  an  additional  magnetic  scattering  compo¬ 
nent  which  reflects  the  average  coordination  environment  in 
the  glass.  When  combined  with  data  from  neutron  total  dif- 
fr’action  data  for  the  coordination  number  of  the  RE,  it  is 
possible  to  model  the  average  coordination  environment  of 
RE  elements  in  the  glass. 

3Na20-Nd203'6Si02,  3Na20‘Yb203*6Si02,  and 

3Na20-Lu203‘6Si02  glasses  were  prepared  in  iOO-g  batches 
by  combining  appropriate  amounts  of  reagent-grade 
Na2C03,  Nd203,  (^1)203  or  LU2O3)  and  Si02  in  a  ball  mill. 
The  mixture  was  placed  in  a  Pt  crucible  and  fired  at  1000  "C 
for  1  h  to  drive  off  CO2  from  the  carbonate,  then  at  1400  "C 
for  8-12  h.  The  mixture  was  stirred  several  times  to  ensure 
homogeneity.  The  furnace  temperature  was  then  increased  to 
1500  °C,  and  after  equilibration  the  sample  was  removed  and 
quenched  by  pouring  it  onto  a  massive  copper  block.  Poly¬ 
crystalline  Na3YbSi309  was  prepared  by  direct  crystalliza¬ 


tion  of  the  3Na20'Yb203‘6Si02  glass  at  1250  °C. 

Neutron  time-of-flight  diffraction  experiments  for  the 
glasses  and  a  Na3YbSi309  crystal  were  performed  using  the 
glass,  liquid,  and  amorphous  diffractometer  (GLAD)  and  the 
general  purpose  powder  diffractometer  (GPPD),  respectively, 
at  the  Argonne  Intense  Pulsed  Neutron  Source,  IPNS.  Dif- 
fi-action  data  indicated  that  while  all  glasses  were  homoge¬ 
neous,  the  Na3YbSi309  crystal  contained  a  minor  amorphous 
component.  Inelastic  neutron-scattering  measurements  were 
performed  using  the  high-resolution  medium-energy  chopper 
spectrometer  (HRMECS).  The  magnetic  contribution  to  the 
total  scattering  in  the  Yb-  and  Nd-bearing  compounds  was 
identified  by  an  examination  of  the  momentum-transfer  de¬ 
pendence  of  the  observed  intensities  and  by  a  comparison 
with  the  spectra  of  the  nonmagnetic  3Na20'Lu203*6Si02 
glass.  The  data  were  corrected  for  background  scattering  and 
the  effect  of  sample  self-shielding  by  subtracting  the  com¬ 
bined  empty-container  and  neutron-absorber  (i.e.,  cadmium) 
runs.  Measurements  of  the  elastic  incoherent  scattering  from 
a  vanadium  standard  provided  detector  calibration  and  inten¬ 
sity  normalization. 

Since  glasses  lack  long-range  order,  their  structures  in 
real  space  are  generally  expressed  in  terms  of  distribution 
functions  obtained  from  the  Fourier  transform  of  their  struc¬ 
ture  factors  5(0-  The  best  known  of  these  are  the  pair  cor¬ 
relation  function  G(r),  the  total  distribution  function  T{r), 
and  the  radial  distribution  function  N(r): 

1  f  “  ,  sin  Qr 

dQ,  (d 

27r‘po  Jo  Qr 

7’(r)  =  47rrpoG(r),  (2) 

and 

N{r}-4Trr^PoG{r).  (3) 

N{r)  dr  has  a  direct  physical  interpretation  as  the  number  of 
atoms  lying  within  a  range  (r,r+dr)  from  any  given  atom. 
Figure  1  shows  T{r)  obtained  from  the  diffraction  measure¬ 
ment  of  3Na20-Yb203'6Si02  glass.  Peaks  in  T{r)  represent 
the  most  probable  (average)  bond  distances  for  element 
pairs.  The  peaks  at  1.63,  2.23,  2.33,  and  2.65  A  correspond 
to  the  Si-0,  Yb-0,  Na-0,  and  0-0  nearest-neighbor  dis¬ 
tances,  respectively.  The  Si-0  and  0-0  distances  are  typical 
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FIG.  1.  The  total  distribution  function  T{r),  solid  line,  and  the  deconvolved 
Gaussian  components,  dotted  and  dot-dashed  lines,  of  3Na20-Yb203'6Si02 
glass. 


of  those  found  in  other  silicate  glasses.^  The  area  under  a 
peak  in  a  plot  of  .^(r)=r7'(r)  vs  r  is  directly  proportional  to 
the  coordination  number  of  the  atoms.  Such  an  area  under 
the  Si-0  peak  gives  a  coordination  number  of  3.85,  which  is 
less  than  the  expected  value  of  4  due  to  instrument  resolu¬ 
tion.  The  N{r)  vs  r  area  under  the  Yb-0  peak  implies  a 
coordination  number  for  Yb  of  5.5±0.5. 

For  inelastic  neutron  magnetic  scattering  the  magnetic 
intensity  of  a  transition  between  two  states  (e.g.,  {i|  and  (;|) 
for  a  single  ion  is  proportional  to  the  square  of  the  matrix 
element  (where  is  the  component  of  the  total 

angular  momentum  operator  perpendicular  to  the  neutron 
wave  vector)  and  the  observed  peak  position  is  equal  to  the 
energy  separation  of  the  two  states.  Since  the  local  symmetry 
of  the  RE  ions  in  a  glass  varies  from  one  site  to  another,  the 
spectrum  is  expected  to  be  broad.  Therefore,  it  is  instructive 
to  compare  the  excitation  spectra  of  a  glass  with  those  of  an 
isochemical  crystalline  compound  where  better  defined 
crystal-field  spectra  peaks  can  be  identified. 

We  used  the  spectra  of  the  3Na20'Lu203'6Si02  glass  as 
the  base  to  estimate  the  nuclear-scattering  component  for  all 
the  Yb  and  Nd  materials.  Lu  has  a  complete  4/  orbital 
thereby  giving  no  magnetic  scattering,  and  the  small  differ¬ 
ence  in  the  mass  only  affects  the  very  low-energy  phonon 
modes.  Consequently,  the  magnetic  intensities  of  the  Yb  and 
Nd  materials  were  obtained  by  subtracting  off  from  the  total 
(nuclear  and  magnetic)  excitation  spectra  the 
3Na20'Lu203'6Si02  spectrum  weighted  by  the  average 
nuclear-scattering  cross  section  of  its  components.  The  re¬ 
sulting  magnetic  spectra  of  crystalline  Na3YbSi309  are 
shown  in  Fig.  2(a).  According  to  the  Kramers  theorem  the 
lowest  symmetry  of  a  state  affected  by  a  ligaid  electrostatic 
field  for  an  odd-number  electron  system  is  a  twofold  degen¬ 
eracy.  Thus  the  Yb^'*'  Russell-Saunder  ground  multiplet  is  at 
most  spit  into  2r6  and  2r7  doublets.  If  all  the  Yb  sites  in  a 
crystal  are  equivalent  and  have  a  local  point-symmetry  less 
than  a  cubic  symmetry,  one  expects  a  low-temperature  mag¬ 
netic  excitation  spectrum  containing  a  peak  at  zero  energy 
corresponding  to  elastic  scattering  within  the  ground-state 
doublet  and  three  sharp  inelastic  lines  corresponding  to  ex¬ 
citations  from  the  ground  state  to  the  excited  states.  The 
excitation  spectrum  of  crystalline  Na3YbSi309  can  be  ana- 


FIG.  2.  (a)  The  magnetic  excitation  spectrum  of  crystalline  Na3YbSi30, 
(circles)  and  a  fit  to  the  data  (solid  line)  by  a  sum  of  four  Gaussian  functions 
(dotted  lines),  (b)  The  magnetic  excitation  spectrum  of  the 
3Na20'Yb203'6Si02  glass  (circles).  The  line  is  a  guide  to  the  eye.  (c)  The 
magnetic  excitation  spectrum  of  3Na20-Nd203-6Si02  glass  (circles)  and  a 
fit  to  the  data  (solid  line)  by  a  sum  of  five  Gaussian  functions  (dotted  lines). 


lyzed  in  terms  of  three  broad  components  centered  at  13.8, 
41.9,  and  57.7  meV,  as  shown  in  Fig.  2(a).  The  large  widths 
of  these  excitations  are  probably  caused  by  multiple  Yb  sites 
in  the  crystal  and  by  the  effect  of  chemical  disorder  from  the 
minor  glassy  component  in  the  material.  The  magnetic  spec¬ 
trum  of  the  3Na20'Yb203'6Si02  glass  [see  Fig.  2(b)]  shows 
a  strong  and  sharp  elastic  peak  as  in  the  crystalline  analog 
but  the  inelastic  intensity  is  flat  up  to  about  70  meV  with  a 
long  tail  extended  to  over  100  meV. 

To  assess  the  extent  to  which  the  local  environments  of 
the  RE  ions  may  affect  the  energy  scale  of  the  magnetic 
excitations  in  the  crystalline  and  vitreous  states,  we  analyzed 
the  spectra  using  a  single-ion  crystal-field  model.  The  Hamil¬ 
tonian  includes  the  atomic  free-ion  and  crystal-field  interac¬ 
tions  for  an  configuration  (A(=3  and  13  for  Nd^"^  and 
Yb^'*’  ions,  respectively),  formulated  under  the  scheme  of 
intermediate  coupling  using  spherical  tensor  techniques.^  We 
compared  the  Na3YbSi309  spectrum  with  the  model  first  as¬ 
suming  octahedral  coordination  corresponding  to  six  equidis- 
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tant  O  ligands  for  the  Yb  ions.  After  reasonable  agreement 
with  the  data  was  achieved,  the  cubic  environment  was  re¬ 
laxed  to  allow  for  lower  symmetries.  This  approach  is  sup¬ 
ported  by  the  diffraction  results  which  indicate  an  average 
5.6  coordination  of  the  Yb-0  atoms  and  the  satisfactory  de¬ 
scription  of  a  distorted  octahedral  environment  for  Yb^'*'  in 
oxide  glasses  given  previously  by  optical  spectroscopy.'*’*  In 
this  cubic  approximation,  the  Yb  ground  multiplet  splits  into 
two  doublets,  Fg  and  Fy,  and  a  quartet  Fs,  and  transitions 
between  Fg  and  F7  are  forbidden.  Therefore,  we  fitted  the 
Na3YbSi309  spectrum  by  assigning  the  45-meV  band  to  ex¬ 
citation  from  the  ground  state  to  Fg  and  obtained  the  ratio 
between  the  fourth-  and  sixth-order  crystal-field  parameters. 
Next,  a  B\  term  was  added  to  fit  the  6-,  13.8-,  41.9-,  and 
57.7-meV  peaks  as  F7,  Fg,  F7,  and  Fg,  respectively.  The 
final  parameters  are  Bq=5A,  B\=-51A,  iBo=86-5  meV,  bJ 
=  -  \/5/14Bo,  and  B\  =  'Ji/IBq.  The  calculated  energies 
and  intensities  for  the  three  transitions  agree  well  the  ob¬ 
served  spectrum  of  Na3'YbSi309. 

Next  we  examine  whether  small  changes  in  the  crystal- 
field  parameters  calculated  for  the  crystal,  such  as  relaxing 
the  constraints  of  cubic  symmetry  for  the  parameters  B\  and 
B4,  can  produce  a  magnetic  spectrum  similar  to  what  are 
obtained  for  the  glass.  We  find  that  varying  B\  between  -5 
to  200  meV  produced  shifts  of  the  calculated  magnetic  spec¬ 
trum  to  lower  and  higher  energies,  respectively,  to  simulate 
the  filling  of  observed  intensities  in  the  10-30  and  80-120 
meV  regions.  Furthermore,  the  calculated  paramagnetic  sus¬ 
ceptibility  obtained  using  crystal-field  parameters  discussed 
above  agree  well  with  the  measured  susceptibility  of 
3Na20‘Yb203’6Si02  glass.®  Therefore,  the  observed  scatter¬ 
ing  is  probably  best  explained  as  a  superposition  of  the 
ligand-field  strengths  given  by  small  variations  in  the  crystal- 
field  parameters  away  from  the  nominal  values  obtained  for 
the  crystal. 

A  similar  approach  can  be  taken  to  interpret  the  observed 
magnetic  excitation  spectrum  for  the  3Na20'Nd203-6Si02 
glass  as  shown  in  Fig.  2(c).  The  five-peak  structure  between 
0  and  80  meV  resembles  the  splitting  of  the  Nd*'''  ‘‘79/2 
ground  multiplet  into  five  Kramers  doublets.  Under  a  sixfold 
octahedral  environment  of  cubic  symmetry,  the  multip¬ 
let  is  split  into  two  Fg  quartets  and  one  Fg  doublets.  There¬ 
fore,  if  the  two  peaks  at  0  and  15  meV  and  at  53  and  68  meV 
are  assigned  as  splittings  of  the  Fg  quartets  into  doublets,  the 
observed  magnetic  spectrum  of  the  3Na20-Nd203'6Si02 
glass  is  consistent  with  a  nominal  sixfold  coordinated  Nd-0 
environment  with  a  distorted  octahedral  symmetry. 

RE  environments  in  alkali  silicate  glasses  have  been  in¬ 
vestigated  using  numerous  techniques.  Robinson  and 
Fournier'*’’  analyzed  the  optical  data  of  Nd-  and  Yb-bearing 
alkali  barium  silicate  glasses  using  a  crystal-field  scheme  and 
found  evidence  of  sixfold  coordination  of  the  RE  ions.  An 


extended  x-ray  absorption  fine  stmcture  measurement  of  an 
Er-bearing  sodium  silicate  glass  by  Marcus  and  Polman 
showed  that  the  Er  ions  have  about  six  O  first  neighbors  at  a 
mean  distance  of  2.26  A,®  and  Ponader  and  Brown®  and  Bar¬ 
ber  and  Obermyer*  obtained  similar  results  for  'Yb**^.  The 
present  neutron  difeaction  and  magnetic-scattering  studies 
show  that  Yb  and  Lu  ions  in  3Na2O'R2O3-6Si02  glasses 
have  average  coordination  numbers  about  6.0  and  mean  R-0 
bond  lengths  of  2.23  A,  which  are  consistent  with  the  above 
findings. 

Larson  and  co-workers*®  and  Ponader  and  Brown®  stud¬ 
ied  the  coordination  environments  of  La*'*'  in  alkali  silicate 
glasses  using  x-ray  absorption  spectroscopy  and  report  coor¬ 
dination  numbers  of  seven  or  less  and  a  mean  La-0  bond 
length  of  2.42±0.03  A.  Mockovciak  and  co-workers**  and 
Mann  and  DeShazer*’  studied  the  optical  absorption  and 
fluorescence  spectra  of  different  Nd  doped  silicate  glasses 
and  concluded  an  average  sevenfold  coordination  of  Nd-0 
atoms  similar  to  the  crystalline  environment  in  Nd203.  In  the 
case  of  the  3Na20'Nd203'6Si02  glass,  although  our  crystal- 
field  analysis  supports  a  nominal  distorted  octahedral  coordi¬ 
nation,  a  larger  than  six  coordination  number  cannot  be  ruled 
out  because  such  local  environments  also  split  the  Nd*^ 
ground  multiplet  into  five  doublet  states.  Since  the  RE  ionic 
radii  decrease  with  increasing  atomic  number,  Nd*'*  and 
La*'*’  are  expected  to  have  coordination  numbers  at  least  as 
large  as  Yb®^,  a  result  consistent  with  the  magnetic  scatter¬ 
ing  data. 

We  thank  S.  Skanthakumar  and  J.  W.  Richardson,  Jr.  for 
their  assistance  in  the  GPPD  diffraction  experiment.  Work 
performed  at  Argonne  National  Laboratories  is  supported  by 
the  U.S.  DOE,  Basic  Energy  Sciences  under  Contract  No. 
W-31-109.ENG-38. 
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Magnetization  and  ferromagnetic  resonance  studies  on  amorphous  fiims 
pf  Fe2Q3~Bi203*'Li20 

J;  CHen,  S.  Cheney,  and  G.  Srinivasan 

Physics  Department,  Oakland  University,  Rochester,  Michigan  48309 

This  report  is  on  magnetic  properties  of  samples  of  0.5  Fe2O3-(0.5-A:)Bi2O3-x:Li2O  (a:=0.1-0.4) 
prepared  in  oxygen  atmospheres  by  rf  sputtering  techniques.  The  films  develop  a  spontaneous 
moment  M  only  when  annealed  in  air  at  temperatures  Tg^675  K.  The  room-temperature  Af  vs 
data  show  a  maximum  in  M  for  =775-875  K  even  though  x-ray  diffraction  data  do  not  show  the 
precipitation  of  any  crystalline  ferromagnetic  or  ferrimagnetic  phases.  The  spontaneous  moment 
could  be  attributed  to  the  presence  of  ordered  clusters  in  the  amorphous  film.  The  magnetization  is 
found  to  be  dependent  on  the  concentration  of  nonmagnetic  Li20:  A/  increases  with  increase  in  x. 

An  in-plane  anisotropy  in  the  films  is  evident  from  ferromagnetic  resonance  studies  (FMR)  at 
x-band  frequencies.  The  anisotropy  field  increases  with  increasing  .r.  The  room-temperature  in-plane 
FMR  linewidth  decreases  with  increasing  x. 


Nakamura  and  others  investigated  the  structural  and 
magnetic  properties  of  ternary  oxides  in  the  system 
Fe203-Bi203-Li20.*’^  The  samples  prepared  by  rapid  quench¬ 
ing  turned  out  to  be  x-ray  amorphous  and  high-resolution 
electron  microscopy  studies  revealed  the  formation  of  dense 
microcrystalline  domains.^  Magnetic  characterization  of  the 
ribbons  indicated  a  spontaneous  moment.  An  ineversible 
thermomagnetization  process,  indicative  of  magnetic  frustra¬ 
tion,  was  observed  below  200  K.  Mossbauer  studies  pro¬ 
vided  evidence  for  two  types  of  magnetic  phases  in  the 
samples;  a  short-range  antiferromagnetic  phase  and  a  ferri¬ 
magnetic  phase  associated  with  the  microcrystalline  phase.’ 
Studies  on  rapidly  quenched  Fe203-Bi203  containing  ZnO, 
CuO,  or  CaO  showed  a  similar  ferrimagnetic  character.^"* 

Here,  we  report  on  the  magnetic  characterization  of  films 
of  Fe203-Bi203-Li20  piepared  in  an  oxygen  atmosphere  by 
rf  sputtering  techniques.  Data  on  magnetization  and  ferro¬ 
magnetic  resonance  (FMR)  parameters  such  as  the  effective 
magnetization,  linewidth,  and  gyromagnetic  ratio  have  been 
obtained  as  functions  of  Li20  concentration  and  annealing 
temperature.  A  long-range  magnetic  order  in  the  films  is  evi¬ 
dent  from  such  studies. 

Films  of  0,5  Fe2O3-(0.5-jr)Bi2O3-xLi2O  (x=0.1-0.4) 
were  prepared.  A  2-in.-diam  polycrystalline  sintered  target 
prepared  by  standard  ceramic  techniques  was  mounted  in  a 
magnetron  gun.  The  system  was  evacuated  to  a  pressure  of 
0.01  mTorr.  The  sputtering  was  carried  out  in  pure  oxygen 
atmospheres  at  1  mTorr  and  an  rf  power  of  200  W  at  13.6 
MHz.  Films  were  deposited  on  Coming  7059  glass  substrates 
mounted  on  a  rotating  unheated  platform  placed  below  the 
target.  Samples  with  a  thickness  on  the  order  of  1  pm  are 
obtained  for  a  sputtering  duration  of  120  min. 

Techniques  used  for  stmctural  characterization  of  the 
films  were  x-ray  diffraction  and  scanning  electron  micros¬ 
copy.  As-sputtered  samples  were  found  to  be  x-ray  amor¬ 
phous.  Energy  dispersive  x-ray  spectroscopy  studies  were 
done  for  chemical  analysis  of  the  samples.  For  magnetic 
characterization,  a  Faraday  susceptibility  balance  and  an 
x-band  FMR  spectrometer  were  used. 

As-deposited  samples  of  Fe-Bi-Li  oxides  with  x=0.1- 
0.4  show  a  paramagnetic  susceptibility  x  of  about  2X10”^ 


emu/g  at  room  temperature.  We  did  not  observe  any  system¬ 
atic  variation  in  x  with  the  concentration  x  of  Li20.  The 
films  were  then  annealed  for  60  min  in  air  at  temperatures 
ranging  from  500  to  1075  K,  in  steps  of  50  K.  Figure  1 
shows  the  variation  of  the  room-temperature  magnetization 
M  with  Tfl .  Data  for  films  with  x =0.1  to  0.4  are  given  in  the 
figure.  For  r„<625  K,  M  remains  small  and  constant.  A 
substantial  increase  in  M  is  seen  for  ^675  K.  The  data 
show  a  broad  maximum  in  M  extending  from  725  to  1025  K 
for  all  X  values.  A  constant  M  for  high  values  implies  that 
any  crystalline  phases  precipitated  at  high  temperatures  dur¬ 
ing  the  annealing  process  does  not  involve  Fe  from  the  amor¬ 
phous  structure.  The  magnetization  could  not  be  obtained  for 
higher  Ta  values  since  the  glass  substrates  melted  and  re¬ 
acted  with  the  films.  Since  the  Fe203  content  in  the  films  is 
independent  of  x,  the  data  in  Fig.  1  indicate  a  dependence  of 
M  on  the  concentration  of  nonmagnetic  Li20.  One  observes 
a  general  increase  in  M  with  x.  The  highest  magnetization, 
about  27  emu/g,  is  achieved  for  x=0.4. 

Effects  of  annealing  on  the  crystal  structure  of  the  films 
were  investigated  with  x-ray  diffraction  (XRD).  Such  data 
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FiG.  1.  Magnetization  M  at  room  temperature  as  a  function  of  annealing 
temperature  for  samples  of  0.5  Fe2O3-(0.5-Af)Bi2O3-;tLi2O.  The  films 
prepared  by  rf  sputtering  in  pure  oxygen  were  annealed  at  for  60  min.  M 
was  measured  with  a  static  field  H=5  kOe  applied  parallel  to  the  film  plane. 
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FIG.  2.  X-ray  diffraction  pattern  for  films  of  0.5  Fe^Os-O.S  Bi2O3-0.2  UjO 
annealed  at  675  and  875  K.  Peaks  in  intensity  for  the  film  annealed  at  875  K 
arc  due  to  crystalline  nonmagnetic  Bi2Si03 . 


for  a  film  with  a: =0.2  annealed  at  675  and  875  K  are  shown 
in  Fig.  2.  A  broad  peak  centered  at  20=30°  appears  due  to 
the  glass  substrate.  The  film  annealed  at  675  K  v.'hich  shows 
a  room-temperature  M  of  15  emu/g  (refer  to  Fig.  1)  is  amor¬ 
phous.  The  XRD  pattern  for  the  film  annealed  at  875  K 
shows  peaks  corresponding  to  crystalline  nonmagnetic 
BijSiOs.  Such  an  impurity  phase  is  formed  most  likely  due 
to  reaction  with  Si  in  the  glass  substrate.  The  most  important 
result  from  XRD  studies  is  that  the  sample  is  free  of  any 
crystalline  ferrimagnetic  compounds  such  as  y-Fe203, 
Fe304,  Lio.5Fe2.5O4,  or  Bi3Fe50i2.  The  observed  M  of  15 
emu/g  corresponds  to  a  substantial  volume  fraction  of  any  of 
the  above  phases,  well  above  the  limit  of  at  least  5%-10% 
required  for  detection  by  XRD.  Since  the  data  in  Fig.  2  do 
not  show  any  peaks  at  positions  corresponding  to  crystalline 
phases,  the  presence  of  microcrystals  of  any  of  the  ferrimag¬ 
netic  oxides  can  be  ruled  out. 

The  spontaneous  moment  is  possibly  due  to  ordered 
clusters  in  the  film.  A  similar  appearance  of  a  spontaneous 
magnetic  moment  due  to  annealing  at  high  temperatures  has 
been  reported  in  Fe203-Bi203  containing  AB03-type  com¬ 
pounds  {AB=BaTi,  PbTi,  PbZr),  CuO,  ZnO,  or  CaO.®"*^  The 
moment  has  been  suggested  to  arise  from  the  formation  of 
ferrimagnetically  ordered  clusters  during  the  annealing  pro¬ 
cess. 

Figure  3  shows  data  on  the  temperature  dependence  of 
magnetization  for  a  series  of  x  values.  These  results  are  for 
films  annealed  at  600-650  °C.  Data  could  not  be  obtained 
for  temperatures  above  700  K  due  to  limitations  on  our  sys¬ 
tem.  The  data  show  an  increase  in  M  value  with  x  for  all 
temperatures.  The  Curie  temperature  determined  from  lin¬ 
ear  extrapolation  of  high-temperature  magnetization  ranges 
from  700  to  750  K.  The  T,,  values  do  not  agree  with  for 
any  of  the  crystalline  ferrimagnetic  phases  mentioned 
earlier.*^  The  magnetic  anisotropy  field  //„  for  the  films  were 
determined  from  data  on  the  effective  magnetization 
47riV/ejf=47rA/-//„  obtained  from  FMR  studies  at  9.2  GHz. 
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FIG.  3.  Magnetization  as  a  function  of  temperature  for  an  annealed  sample 
of  0.5  Fe2O3-(0.5-ar)Bi2O3-x  Li20.  The  films  were  cooled  to  77  K  in  zero 
field  and  M  was  measured  at  5  kOe  as  T  was  increased. 


Figure  4  shows  vs  T  data  for  annealed  films.  The  anisot¬ 
ropy  fields  are  negative,  indicating  a  planar  anisotropy  char¬ 
acter  for  the  films.  The  magnitude  of  //„  increases  with  the 
concentration  of  nonmagnetic  Li20  in  the  films.  As  T  in¬ 
creases,  the  magnitude  of  //„  decreases  for  all  x  values. 

We  also  studied  the  composition  and  temperature  depen¬ 
dence  of  the  gyromagnetic  ratio  y  and  the  linewidth  txH.  The 
linewidth  is  found  to  decrease  with  increasing  x.  Figure  5 
shows  data  on  y  and  A//  vs  T  measured  at  9.2  GHz  for  an 
annealed  film  with  x=0.3.  Data  on  A//  are  for  static  mag¬ 
netic  fields  parallel  and  perpendicular  to  the  film  plane.  Both 
y  and  A//  decrease  with  increasing  T. 

As  mentioned  earlier,  Fe-Bi-Li  oxides  prepared  by  rapid 
quenching  also  show  evidence  for  magnetic  order.  The  larg¬ 
est  room-temperature  M  of  4.5  emu/g  was  obtained  for  the 
sample  with  a;=0.25.''^  A  Curie  temperature  of  8(X)  K  was 
measured  for  the  samples.  High-resolution  transmission  mi¬ 
croscopy  studies  provided  evidence  for  the  presence  of  mi¬ 
crocrystals  with  an  average  size  of  about  10  nm.^  Films  pre¬ 
pared  by  rf  sputtering  in  the  present  study  show  a  much 
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FIG.  4.  The  in-plane  anisotropy  field  vs  temperature  data  for  annealed 
films  of  0.5  Fe2O3-(0.5-.ic)Bi2O3-j:  Li20. 
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FIG.  S.  Temperature  dependence  of  the  gyromagnetic  ratio  y  and  FMR  line 
width  Af/  (for  parallel  and  perpendicular  orientation  of  H)  for  an  annealed 
sample  of  0.5  FejO3-0.2  BijOj-O.S  LijO. 


higher  magnetization,  about  a  factor  of  6  larger  than  for  rap¬ 
idly  quenched  samples,  and  a  slightly  smaller  value.  The 
magnetization  for  the  sputtered  sample  is  comparable  to 
room-temperature  M  for  several  crystalline  spinel  ferrites 


and  is  larger  than  M  values  for  yttrium  and  rare-earth  iron 
garnets.  Further  studies  such  as  Mossbauer  spectroscopy: 
and  neutron  diffiraction  on  sputtered  samples  are  important 
for  an  understanding  of  the  origin  of  magnetism  in  the  ox¬ 
ides. 
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Hysteresis  and  magnetic  aftereffect  in  amorphous  CoZrDy  films: 
Trends  and  variations  versus  Dy  content 
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The  magnetization  process  was  studied  in  amorphous  (Co95Zr5)ioo-xDy;t  thin  films,  where 
4^  ^26,  between  6  and  300  K.  The  films  exhibit  a  well-defined  in-plane  uniaxial  anisotropy  . 
The  temperature  dependence  of  the  coercive  field  He  could  be  related  to  the  variations  of  the  local 
anisotropy  iCioj,  K„  and  local  defects.  The  thermally  activated  magnetic  relaxation  was  detected  for 
r=s40 and  it  follows  with  time  the  law  ln(MIM^)=at.  The  constant  a  changes  rapidly  with  the 
applied  field  H.  The  results  are  explained  by  the  sharp  distribution  of  the  energy  barriers.  The  as 
deduced  activation  volume  is  about  the  order  of  the  ferromagnetically  correlated  volume. 


The  study  of  the  magnetic  aftereffect  in  magnetically 
disordered  media  is  actually  an  active  field,  because  theoreti¬ 
cal  computations,^  predict  that  a  magnetic  quantum  tunneling 
(MQT)  could  be  observed  if  these  systems  possess  some  spe¬ 
cific  magnetic  parameters.  Very  recently  several  experimen¬ 
tal  studies  were  reported,^"''  performed  on  various  magneti¬ 
cally  disordered  compounds,  where  the  magnetization 
process  occurred  by  rotation  of  magnetization  or  tunneling  of 
domain  walls.  Several  of  these  systems  exhibited  a  more  or 
less  well  identified  MQT,  in  the  temperature  range  1 
K<7<5  K. 

The  aim  of  the  present  paper  is  to  report  a  first  system¬ 
atic  investigation  of  the  magnetization  process  and  of  the 
magnetic  aftereffect  on  a  somewhat  magnetically  new  sys¬ 
tem:  (Co95Zr5)ioo-xDy^  amorphous  thin  films.  The  as- 
prepared  layers  exhibit  a  very  well-defined  in-plane  uniaxial 
anisotropy  /l„,  which  should  assign  a  particularly  simple 
mechanism  for  the  magnetization  process:  It  ought  to  occur 
essentially  by  pure  wall  displacement.  The  films  possess  also 
a  random  loca!  anisotropy  K\oz  related  to  the  single-ion  an¬ 
isotropy  mechanism.  Consequently,  the  magnetization  pro¬ 
cess  is  believed  to  be  determined  by  the  respective  magni¬ 
tude  of  these  two  terms,  assumption  verified  by  the 
investigations  performed  on  films  with  various  Dy  concen¬ 
trations. 

The  amorphous  (Co95Zr5)ioo-iDy_,  thin  films  of  thick¬ 
ness  0.3±0.05  fixa  were  prepared  by  rf  cosputtering.  The 
concentration  range  investigated  is  4=Sx^26.  The  in-plane 
uniaxial  anisotropy  was  formed  by  applying  a  dc  magnetic 
field  of  700  Oe  along  the  film  plane  during  deposition.  The 
substrate  temperature  was  held  at  20  "C.  The  Ar  sputtering 
pressure  was  2  mTorr.  Other  details  on  the  sample  prepa¬ 
ration  are  reported  in  Refs.  5  and  6. 

The  magnetization  measurements  were  performed  by  a 
vibrating  sample  magnetometer  (VSM).  Some  limitations  of 
the  present  investigations  were  imposed  by  the  characteris¬ 
tics  of  our  VSM.  The  lowest  temperature  at  which  measure¬ 
ments  could  be  made  is  about  6-7  K.  Another  problem  was 
the  overall  sensitivity  and  long-term  stability.  Consequently, 
no  sufficiently  precise  measurements  could  be  performed 
when  the  magnetization  change  with  time  is  really  small.  So 
the  aftereffect  could  not  be  studied  in  the  Rayleigh  region 
and  at  very  low  temperatures,  conditions  for  which  the  prob¬ 
ability  to  detect  a  MQT  is  the  highest.  and  its  temperature 


dependence  was  measured  by  an  automatic  torque  magneto¬ 
meter. 

The  magnetization  process  was  studied  by  applying  the 
external  magnetic  field  in  the  film  plane  along  the  easy  axis. 
At  room  temperature  and  for  x  up  to  a:=22  a  rectangular 
hysteresis  loop  is  detected.®  On  films  with  compositions 
close  to  room-temperature  compensation  (x=20)  the  rectan- 
gulanty  was  verified  at  temperatures  somewhat  lower  then 
300  K. 


The  measurements  revealed  a  strong  temperature  depen¬ 
dence  of  the  coercive  field  He  accompanied  by  an  evolution 
of  the  loop’s  shape.  The  trends  are  the  same  whatever  the 
composition  of  the  deposits:  He  increases  slowly  as  a  func¬ 
tion  of  decreasing  temperature  down  to  50-40  K  and  expo¬ 
nentially  for  r<40  K  (Fig.  1).  These  outcomes  can  be  dis¬ 
cussed  by  considering  the  expression  for  He  valid  for  pure 
wall  deplacement’ 


.  1  Kl 

"  47r/C„M,  ^ 


(1) 


where  a  is  the  stmctural  correlation  length  (—10  A)  and  d  is 
the  wall  width  d  =  5  \1A/Ku- 

Equation  (1)  shows  that  the  as  observed  variations  are 
essentially  related  to  that  of  /fioc  and  to  the  domain  wall 
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FIG.  1.  Variation  with  temperature  of  the  coereive  field  for 
(Co9}Zr5)ioo-xDy^  films  with  various  Dy  concentration. 
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FIG.  2.  The  in-plane  uniaxial  anisotropy  as  a  function  of  Dy  concentra¬ 
tion  as  determined  at  7'=295  K  and  4  K. 


width  via  K^.  The  concentration  and  temperature  depen¬ 
dence  of  Ku,  measured,  respectively,  at  295  and  4  K  are 
reported  on  Fig.  2.  At  both  temperatures  varies  linearly  as 
a  function  of  x  and  its  value  at  4  K  is  roughly  an  order  of 
magnitude  higher  than  that  obtained  at  room  temperature.  A 
detailed  numerical  analysis,^  shows  that  its  origin  is  related 
to  a  single-ion  anisotropy  mechanism. 

We  propose  the  following  model  for  the  variations  of 
He :  Ky  results  from  a  more  or  less  close  alignment  of  the 
local  easy  axis,  corresponding  to  sites  containing  Dy^"^  ions, 
along  the  field  applied  during  deposition.  At  room  tempera- 
*  ture  Ky  is  relatively  small,  and  the  width  of  the  domain  wall 

is  broad,  so  even  for  small  applied  held  the  sample  is  in  an 
aligned  state.  Now  the  value  of  //<,  is  characteristic  of  soft  or 
quasisoft  ferromagnets.* 

With  decreasing  temperature  both  and  Ky  increases 
largely,  the  variations  of  Ky  being  particularly  marked  down 
to  40  K.  /C|oc  affect  the  absolute  value  of  [see  Eq.  (1)]  and 
the  local  magnetic  structure,  a  ferromagnet  with  a  wandering 
axis  forms  progressively,  characterized  by  a  fluctuation  of 
the  direction  of  local  magnetization.  This  process  is  gov¬ 
erned  by  //?///(*  I  where®  H^  and  arc  the  local  anisotropy 
and  the  exchange  field,  respectively.  Here,  increases 
strongly,  while  the  variations  of  is  of  the  second  order 
with  decreasing  T,  which  explains  the  as  formed  magnetic 
structure.  The  large  increases  of  Ky  affect  essentially  the 
width  of  the  wall  which  becomes  fairly  narrow  at  low  T.  The 
magnitude  and  the  local  directional  fluctuation  of  the  anisot¬ 
ropy  is  much  stronger  at  low  than  at  room  temperature  and 
the  domain  walls  are  much  nanower  so  more  easily  pinned. 
This  wandering  structure  modifies  probably  the  magnetiza¬ 
tion  process  (MP),  which  does  not  occur  anymore  by  pure 
wall  deplacement  but  also  partly  by  rotation  of  magnetiza¬ 
tion,  because  the  local  direction  of  M,  fluctuates  even  within 
the  domains. 

The  evolution  of  the  shape  of  the  loops  with  temperature 
is  also  in  favor  of  this  mechanism.  The  high  rectangularity  is 
conserved  down  to  40-50  K.  For  lower  T  the  loops  are 
slightly  distorted.  The  remanent  magnetization  remains 
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FIG.  3.  Relaxation  of  the  magnetization  of  the  film  with  jt:=22.  In  the  inset 
nonnalized  variation  ln[Af(/)+A/jl/2Af,  as  a  function  of  time. 


equal  to  Mj  within  experimental  uncertainties,  but  the  loops 
are  rounded  up  near  7/= //^ .  It  is  well  known  that  for  H—He 
the  shape  of  the  loop  is  very  sensitive  to  the  local  magnetic 
structure  so  indicates  a  broader  distribution  of  the  energy  j 

barriers.  Now  the  influence  of  preparation  related  local  de-  |  » 

fects,  the  effect  of  which  could  be  much  more  marked  at  low  |  { 

r,  cannot  be  discarded.  i  * 

He  and  the  shape  of  the  loops  are  practically  indepen-  ‘ 

dent  from  the  field  variation  rate  down  to  100  K.  The  mag-  j 

netic  aftereffect  could  be  observed  whatever  the  composition  |  ! 

of  the  layers  for  temperatures  lower  than  50-40  K.  The  time  <  I 

dependence  of  the  magnetization  process  was  measured  as  j  , 

follows:  The  films  were  saturated  along  the  in-plane  easy  | 

axis  in  a  positive  field.  Then  H  was  reversed,  decreased  and  | 

stopped  at  a  negative  value  |//|  <  |//c|  and  Af  j(f)  recorded  at  i 

this  constant  field.  ; 

Here,  dM/dt  at  a  given  T  varies  as  a  function  of  the 
applied  field,  behavior  in  favor  of  a  thermally  activated  mag¬ 
netization  renversal.  Its  rate  is  determined  by  €=\H-Hc\/Hc  ' 

and  increases  for  smaller  e.  The  variation  of  A/(r)  with  time  i 

(Fig.  3)  is  determined  by  the  distribution  SEg  of  the  energy 
barrier  Eg .  It  should  follow  an  exponential 
M{t)/M ^=e\p(-tlr)  or  logarithmic  M{t)IM,=\n{tlT)  law,  ■ 

where  T=roQxp{EglkBT),  following  that  the  distribution 
SEg  is  sharp  {SEg-^kgT)  or  broad  (SEg^ksT). 

In  most  of  the  magnetic  systems  investigated  ; 

previously^"'’  follows  a  logarithmic  law.  Our  ex-  | 

perimental  data  differ  markedly  from  the  previously  reported  s 

ones.  We  found  effectively  that  presently  an  exponential  law  | 

i.e.,  \n{M(t)IM^\=at  (a=constant)  is  generally  well  ; 

obeyed  whatever  the  composition,  and  for  the  applied  field  . 

range  (with  e<25%)  used.  This  result  shows  that  the  appar-  .  • 

ent  distribution  of  Eg  is  fairly  sharp.  It  is  believed  to  be 
related  to  the  intrinsic  magnetic  properties  of  the  films  and 
the  experimental  conditions  used.  As  a  result  of  the  qua¬ 
sialignment  of  the  local  easy  axis  along  the  direction  of  Ky 
the  distribution  of  the  anisotropy  energy  barriers  are  obvi¬ 
ously  much  smaller  than  in  previously  studied  systems.  The 
amplitude  of  the  as  used  applied  field  could  also  favor  the  '  ; 

observed  results.  A  model  of  hysteresis  based  upon  wall  dis-  ^  [ 
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FIG.  4.  Typical  viscosity  rate  at  T=2Q  K  and  for  e=19%  in  film  with 
various  Oy  concentration. 


placement  process  states  that  getting  over  an  obstacle  re¬ 
quires  the  application  of  a  held  H  at  least  equal  to  a  critical 
one  /ferit  characterizing  the  obstacle.  Obviously  when  H  so 
//-//cri,  is  large,  the  domain  wall  displacement  process  will 
be,  only  scarcely  perturbed.  Consequently,  if  the  anisotropy 
barriers  are  distributed  around  a  mean  value  ,  the  contri¬ 
bution  of  obstacles  with  should  be  small  or  negli¬ 

gible. 

We  established  the  correlation  between  the  magnetic  vis¬ 
cosity  and  the  Oy  concentration  in  the  films,  by  comparing 
dMIdt  measured  on  the  various  samples  at  different  T  and 
for  the  same  value  of  e  When  T  is  sufficiently  high  (see  Fig. 
4)  the  viscosity  increases  continuously  with  increasing  Dy 
content.  This  result  confirms  that  the  relaxation  rate  is  gov¬ 
erned  by  Xioj,,  However,  for  lower  temperatures  (T^IO  K) 
this  experimental  rule  is  no  more  followed  so  regularly. 
These  last  results  are  related  probably  to  the  much  smaller 
variations  of  from  sample-to-sample  as  shown  by  the 
temperature  and  concentration  dependence  of  activation  vol¬ 
ume  V. 

One  can  determine  V  when  the  distribution  of  the  acti¬ 
vation  energy  is  sharp.  Now  at  a  given  T  a  single  relaxation 
time  r  should  exist  and  £„  is  related  to  V  by 

E,=  VMs{iic-H).  (2) 

It  can  shown  easily  that  In  r  should  vary  linearly  as  a 
function  of  the  applied  field,  in  agreement  with  the  experi¬ 


FIG.  5.  Thennal  variation  of  the  average  activation  volume  in  films  with 
various  Dy  concentration. 


mental  data,  and  VMJkgT  correspond  to  the  slope  of  this 
line.  The  values  of  V  varies  (Fig.  5)  from  5X10^  to 
9X10^  at  6  K  and  10^  A^  to  13X10*  A*  at  40  K.  A 
numerical  computation,  the  details  being  reported  elsewhere, 
shows  that  if  one  estimates  K^oc  from  He  and  evaluate  the 
ferromagnetic  correlation  length  rf  using  formula  proposed 
by  Chudnovsky^  we  find  effectively 

In  conclusion  the  magnetization  process  and  magnetic 
aftereffect  were  studied  in  CoZrDy  amorphous  thin  films. 
The  magnetization  relaxation  mechanism  ln[A/(/)/A/j]  fol¬ 
low  a  linear  time  dependence  result  related  to  the  well- 
defined  Ku .  The  other  characteristics  of  the  relaxation  pro¬ 
cess  appears  to  be  controlled  by  Xio,.,  similarly  to  other 
highly  anisotropic  materials.^"'’  Further  experiments  per¬ 
formed  at  sufficiently  small  T  and/or  low  applied  field  is 
necessary  to  find  out  if  these  films  exhibit  a  MQT. 
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A  model  calculation  on  a  large  periodic  unit  cell  of  amorphous  Fe  containing  200  atoms  is  carried 
out  to  determine  the  distribution  of  its  local  orbital  moments.  A  spin-polarized  orthogonalized  linear 
combination  of  atomic  orbitals  method  including  spin-orbit  coupling  is  used  for  the  calculation  of 
the  electronic  structure.  It  is  shown  that  spin-orbit  coupling  brings  about  a  small  change  in  the 
density  of  states  for  amorphous  Fe.  The  average  orbital  moment  in  amorphous  Fe  is  found  to  be  0.01 
Hb  ,  which  is  much  smaller  than  the  value  of  0.09  fis  for  crystalline  fee  Fe.  The  distribution  of 
orbital  moments  over  various  sites  is  rather  broad,  indicating  a  strong  quenching  effect  as  a  result 
of  variation  in  the  local  stmeture  in  the  amorphous  case.  It  is  speculated  that  such  ground-state 
properties  are  favorable  to  the  formation  of  the  spin  glass  phase. 


It  has  been  speculated  that  structural  disorder  in  mag¬ 
netic  materials  may  or  may  not  lead  to  different  types  of 
magnetic  ordering.  There  were  many  past  investigations  on 
this  suoject  yet  controversies  remain.*"^  In  general,  a  spin 
glass  (SG)  phase  is  characterized  by  the  random,  distribution 
of  the  local  moments  (LM)  of  the  magnetic  ions,  both  in 
magnitude  and  in  direction.  From  the  study  of  Fe-rich  alloys 
(90%  or  more),  it  is  found  that  the  SG  phase  is  most  likely 
caused  by  the  structural  disorder  rather  than  chemical 
disorder.'*  Theoretical  investigations  on  this  subject*’^*^  indi¬ 
cate  that  the  local  environment  effect  is  responsible  for  the 
magnetic  properties  of  many  amorphous  transition  metals. 
For  example,  it  is  found  that  in  amorphous  Fe,  Fe  atoms  with 
large  LM  usually  couple  ferromagnetically  with  the  neigh¬ 
bors,  while  those  with  small  LM  couple 
antiferromagnetically.*  It  is  obvious  that  LM  on  magnetic 
ions  are  strongly  iiifluenced  by  their  local  structural  environ¬ 
ments. 

In  the  classical  theory  of  magnetic  anisotropy  for  a  crys¬ 
talline  solid,  it  is  assumed  that  the  local  moment  orientation 
is  controlled  by  spin-orbit  interaction,  because  spin  itself  is 
not  related  to  any  spatial  direction.  This  is  true  in  the  single¬ 
ion  anisotropy  theory,  which  attributes  this  orientation  to  the 
orbital  moments  of  some  dominating  ions  (usually  rare-earth 
ions),  and  also  in  the  “pair  model,”  in  which  the  orbital 
moment  may  eventually  lead  to  anisotropic  exchange.^  In 
fnet,  the  local  orbital  moment  that  remains  after  quenching 
by  the  neighboring  atoms  is  of  crucial  importance.  If  a  small 
amount  of  orbital  moment  remains  unquenched,  a  part  of  the 
d  electron  orbit  may  rotate,  carrying  with  it  the  spin  mag¬ 
netic  moment  through  spin-orbit  coupling.  The  rotation  of 
the  orbit  will,  in  turn,  change  the  overlap  of  the  wave  func¬ 
tions  between  the  neighboring  atoms,  thus  affect  the  electro¬ 
static  and  exchange  interactions.  A  process  of  orientation  of 
the  spin  moment  in  the  real  space  is  thus  realized.  Recent 
work  by  Jansen’  on  magnetic  anisotropy  theory  which  takes 
the  relativistic  effect  into  account  also  emphasized  the  influ¬ 
ence  from  local  orbital  moment.  It  is  shown  that  not  only  the 
spin-orbit  coupling  in  the  same  atom  is  important,  the  cou¬ 
pling  between  the  orbitals  moments  of  the  neighboring  atoms 
is  equally  essential  in  determining  the  local  anisotropy.  It  is, 
therefore,  important  to  study  the  distribution  of  local  orbital 


moments  in  disordered  system  by  means  of  realistic  first- 
principles  calculation. 

In  order  to  separate  the  influence  of  chemical  disorder 
that  is  present  in  a  multicomponent  system  from  the  topo¬ 
logical  disorder,  we  choose  the  pure  amorphous  Fe  (a-Fe) 
system  represented  by  a  periodic  model  containing  200  at¬ 
oms  for  our  calculation.  TTie  electronic  structure  and  the  dis¬ 
tribution  of  local  spin  moment  for  this  model  have  been  re¬ 
ported  in  an  earlier  paper  by  Xu,  He,  and  Ching.®  The  site- 
specific  distribution  of  the  Fe  spin  moment  in  an  amorphous 
environment  is  analyzed  as  a  function  of  local  short-range 
order,  such  as  the  number  of  nearest-neighbor  atoms  and  the 
average  nearest-neighbor  distances.  The  present  calculation 
is  an  extension  of  that  study  to  explore  the  distrib  ition  of  the 
oibital  moments  and  includes  the  spin-orbital  coupling  in  the 
electronic  structure  calculation. 

We  use  the  spin-polarized  version  of  the  orthogonalized 
linear  combination  of  atomic  orbitals  (OLCAO)  method’  to 
calculate  the  electronic  structure  of  the  200-atom  a-Fe 
model.  The  model  was  constructed  by  a  Monte  Carlo  relax¬ 
ation  method  using  a  pairwise  Lennard-Jones  type  of  inter¬ 
atomic  potential.  TTie  calculated  radial  distribution  function 
of  the  model  is  in  close  agreement  with  experiment.®  We  thus 
consider  the  model  to  be  a  fairly  realistic  representation  of 
the  fl-Fe  structure.  In  order  to  extract  the  information  about 
the  orbital  moment,  the  spin-orbit  coupling  term 

//„=ei-j=^/2(72-/2-i2)  (1) 

is  added  to  the  Hamiltonian  so  that  the  spin-up  and  spin- 
down  energy  bands  are  mixed.*®  The  eigenvalue  for  the  op¬ 
erator  in  Eq.  (1)  is  simply  ^  [/(;-t-l)-/(/+l)-3/4)]/2. 
The  secular  equation  to  be  solved  is,  therefore,  twice  as  large 
as  in  the  spin  moment  calculation  in  which  the  spin-up  and 
spin-down  Hamiltonians  were  diagonalized  separately.®  The 
spin-orbit  coupling  constant  ^=0.0137  a.u.  is  taken  from  the 
corresponding  atomic  value  for  Fe.‘*  This  may  lead  to  about 
10%  deviation  from  the  corresponding  value  of  ^  in  crystal¬ 
line  Fe.*®  Since  we  are  mainly  interested  in  the  distribution 
of  orbital  moments,  not  the  fine  structures  in  the  energy  spec¬ 
trum,  this  approximation  will  not  cause  any  significant  error 
in  our  result. 

The  site  decomposed  local  orbital  momentum  is  calcu¬ 
lated  according  to 
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THE  DISTRIBUTION  OF  LOCAL  ORBITAL  MOMENT 


FIG.  1.  The  distribution  of  local  orbital  moments  in  the  200-atom 
a-Fe  model. 


ttyk 


2  2  ^nk,afink,0j  I  t>*i(k)Lzb fijik)dT, 

ai  fii  •’ 


(2) 

where  are  the  band  wave  functions,  C**  ,,,,  the  eigen¬ 
vector  coefficients,  6a, (k),  the  Bloch  bases,  and  the  summa¬ 
tion  runs  over  all  the  occupied  states.  Because  the  unit  cell  is 
sufficiently  large,  the  k=0  solution  is  sufficient.  Test  calcu¬ 
lations  on  the  density  of  states  DOS  at  k=0  and  at  k=2Tt/a 
(1,1,1)  show  no  discemable  difference.  Due  to  spin-orbit 
coupling,  the  eigenstates  are  characteristic  of  the  total 
angular  momentum  j  rather  than  the  spin  or  the  orbital  mo¬ 
mentum  separately. 

The  integral  in  Eq.  (2)  can  be  evaluated  rather  straight¬ 
forwardly, 


I  b:,(k)Lzb^j(k)dr 

S  exp  rk<>(R„-R„)  [  M,?'(r-R„- 


X(r-R„-  r^)dT 
=  2  exp(/k°R^)  «,*(r-Tj 


XLzUj(r-R^-T^)dT,  (3) 

where  R^  labels  the  lattice  translational  vector,  a,  p  atoms  in 
the  model,  and  i,j  the  orbital  states  of  the  atom.  Since  atomic 
wave  function  m,  in  the  OLCAO  method  is  classified  by  the 
angular  momentum  quantum  number,  the  calculation  of  inte¬ 
grals  in  Eq.  (3)  amounts  to  a  rearrangement  of  the  matrix 
elements  of  the  overlap  integrals,  which  have  already  been 
calculated  in  forming  the  secular  equation. 

Our  calculated  distribution  of  the  local  orbital  moments 
in  the  200-atom  a-Fe  model  is  shown  in  Fig.  1.  The  out¬ 
standing  feature  of  this  distribution  is  the  large  spread  of  its 
magnitude,  from  near  0  to  a  maximum  of  0.026  /Xg .  The 


FIG.  2.  Correlation  plot  of  local  orbital  moment  vs  the  number  of  d  elec¬ 
trons  on  the  Fe  atom  in  the  200-atom  a-Fe  model.  No  obvious  correlation 
can  be  established. 


central  position  of  the  distribution  is  around  0.01  fig ,  which 
can  be  taken  as  the  average  local  orbital  moment  for  the 
system.  This  low  value  of  the  orbital  moment  in  a-Fe  indi¬ 
cates  a  strong  quenching  effect  in  the  amorphous  case.  The 
local  orbital  moment  for  the  crystalline  fee  Fe  is  about  0.09 
fig  At  first  sight,  it  appears  that  a  small  value  for  the 
orbital  moment  implies  almost  no  obvious  preferential  direc¬ 
tion  for  the  LM  in  a-Fe,  since  the  orbital  planes  of  the  con¬ 
duction  electrons  rotate  almost  equally  around  all  directions. 
However,  the  nonvanishing  values  for  the  remaining  orbital 
moments  in  ground  state  may  be  important  for  the  formation 
of  the  SG  structure.  In  fact,  a  large  local  orbital  moment 
implies  a  preferential  direction  for  the  local  moment  through 
spin-orbit  coupling  (in  the  same  atom),  resulting  in  either 
ferromagnetic  or  antiferromagnetic  ordering.  In  a  SG  phase, 
local  moments  are  easy  to  reorient  under  the  influence  of  a 
small  field.  Only  a  weak  driving  force  for  the  orientation  of 
local  moment  is  favorable  for  the  formation  of  this  structure. 
Moreover,  the  randomness  in  the  orientation  of  the  local  mo¬ 
ments  in  a  SG  structure  requires  a  rather  wide  distribution  of 
local  orbital  moments.  The  deviation  of  the  orbital  moment 
from  the  average  value  in  our  calculation  is  actually  larger 
than  the  average  value  itself  (both  the  deviation  and  the  av¬ 
erage  are  around  0.01  fig).  Therefore,  our  result  is  consistent 
with  the  notion  that  a  SG  structure  is  possible  for  an  amor¬ 
phous  transition  metal  system. 

We  hope  our  first-principles  approach  to  the  study  of 
orbital  moments  in  a-Fe  will  lead  to  a  more  refined  theory 
such  that  a  quantitative  use  of  the  distribution  of  local  orbital 
moments  is  possible.  Kakehashi  has  pointed  out‘  that  the 
main-peak  position  in  the  noninteracting  densities  of  states 
(without  the  interaction  between  local  moments  in  the  calcu¬ 
lation  of  electronic  structure)  is  important  in  determining  the 
ferromagnetic  properties  of  amorphous  alloys.  This  is  be¬ 
cause  the  nature  of  magnetic  coupling  (exchange  interaction) 
depends  on  the  charge  density,  or  the  d-electron  number. 
However,  this  by  itself  is  not  sufficient  to  explain  some  sa¬ 
lient  features  of  amorphous  magnetism  in  transition  metal 
systems.  For  example,  there  is  no  obvious  correlation  be- 
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tween-the  local  orbital  moment  and  the  number  of  d  electron 
on  each  Fe  atom.  This  is  Olustrated  in  Fig.  2  in  which  we  plot 
the  orbital  moment  on  each  Fe  atom  versus  the  effective 
d-electron  number  as  determined  by  the  Mullikan  population 
analysis  of  the  wave  function.  This  is  because  the  orbital 
moment  is  mote  sensitive  to  the  geometry  of  the  local  envi¬ 
ronment  than  the  charge  density.  The  orientation  of  local 
moments  in  a  SG  structure  is  a  different  problem  from  the 
simple  magnetic  coupling.  The  randomness  in  the  local  mo¬ 
ments  is  intimately  related  to  the  local  orbital  momen*  which 
also  determines  the  spatial  orientation.  Its  average  value  de¬ 
termines  the  strength  of  the  driving  force  in  the  orientation  of 
the  local  moments,  while  the  deviation  from  the  mean  is 
related  to  the  randomness  of  the  orientation.  Both  are  neces¬ 
sary  in  the  study  of  the  magnetic  properties  of  amorphous 
transition  metal  systems. 

In  summary,  our  calculation  of  the  distribution  of  orbital 
moments  in  the  amorphous  Fe  system  provides  a  direct  evi¬ 
dence  for  a  strong  quenching  effect  in  such  a  disorder  sys¬ 
tem.  It  may  shed  some  light  on  the  microscopic  origin  of  the 
formation  for  the  SG  structure. 
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A  magnetocalorimetric  study  of  spin  fluctuations  in  amorphous  FOxZrioo-x 
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Montreal,  Quebec,  H3A  2T8,  Canada 

Low  temperature  calorimetry  data  on  amorphous  Fej.Zrioo-x  samples  near  the 
ferromagnetic/paramagnetic  phase  boundary  at  x=37.5  are  reported,  as  well  as  some 
magnetocalorimetry  data  in  magnetic  fields  of  up  to  5  T.  The  data  are  analyzed  in  terms  of  two 
models,  one  describing  the  effect  of  spin  fluctuations  (SF)  and  the  other  the  effect  of 
superparamagnetic  clusters.  The  data  are  shown  to  favor  the  SF  model  and  taken  with  earlier 
resistivity  work,  provides  convincing  evidence  for  the  existence  of  SF  in  a-Fe^Zrioo-x- 


Spin  fluctuations  (SF)  are  nonmonodispersive  long 
wavelength  magnetic  excitations  of  characteristic  energy 
Tsfj  not  accounted  for  by  mean-field  theories,  which  were 
predicted  to  apply  to  nearly  fenomagnetic  Fermi  liquids  and 
explained  the  specific  heat  capacity  (Cp)  of  liquid  ^He.* 
Ikeda  et  al.^  have  given  an  extensive  review  of  the  quench¬ 
ing  by  high  (~10  T)  magnetic  fields  of  the  SF  contribution  to 
the  low-temperature  Cp.  Their  study  surveyed  several  highly 
exchange-enhanced  d-  and  /-band  magnets  for  which  the 
Stoner  enhancement  factor,  S,  is  greater  than  10. 
Ni3+^A1,_^,  for  example,  exhibits  a  transition  from  an 
exchange-enhanced  paramagnet  to  a  weak  ferromagnet  for 
small  values  of  x.  SF  models  have  been  shown  to  be  neces¬ 
sary  to  explain  the  values  of  both  the  Curie  temperature  and 
the  ordered  moment  in  Ni3Al.^  A  recent  magnetocalorimetry 
study  of  Ni3+;t All  used  elastic  constant  measurements 
to  separate  the  phonon  contribution  to  Cp  and  detected  a 
small  SF  enhancement,  which  was  greatest  at  the  critical 
composition.  Field  quenching  of  this  enhancement  was 
found  to  be  in  agreement  with  predictions  from  mea¬ 
sured  in  zero  field.  The  effect  of  a  magnetic  field  also  ruled 
out  the  presence  of  superparamagnetic  clusters  due  to  pos¬ 
sible  compositional  inhomogeneities  in  their  samples,  which 
could  also  have  accounted  for  the  zero-field  data. 

Amorphous  d-band  metals  offer  many  advantages  for 
the  study  of  SF.  The  rapid  quenching  from  the  liquid  state 
leads  to  a  high  degree  of  compositional  homogeneity  and 
inhibits  magnetic  cluster  formation.  Furthermore,  slightly 
varying  the  sample  composition  should  not  significantly 
change  the  phonon  Cp,  a  complication  which  can  occur  in 
crystalline  systems.  a-Fe^Zrjoo-x  an  ideal  candidate  sys¬ 
tem  for  the  study  of  SF.  It  is  a  good  glass  former®  in  the 
range  20<x<43,  where  it  exhibits  three  distinct  phases,  su¬ 
perconductivity  for  x<30,  ferromagnetism  for  x>37.5  and 
paramagnetism  for  intermediate  compositions.  The  suscepti¬ 
bility  of  the  paramagnetic  alloys  suggests  that  they  are 
strongly  exchange-enhanced  paramagnets  with  Stoner  factors 
approaching  10,  and  the  superconducting  alloys  exhibit  a 
mass  enhancement  factor  possibly  arising  from  SF.^  A  low- 
temperature  resistivity  study  of  alloys  near  x= 37.5  showed  a 
strong  temperature  dependence  which  could  be  analyzed  us¬ 
ing  a  model  including  scattering  by  SF.®  This  analysis 
yielded  rough  estimates  for  Jsp  which  were  as  low  as  20  K. 

Previous  Cp  studies  of  a-Fe;tZrioo_^  at  broadly  spaced 
compositions  have  been  discussed  in  terms  of  a  cluster 
model.®’*®  In  this  preliminary  work,  we  report  on  the  low- 


temperature  Cp  of  several  closely  spaced  a-Fe^^Zrioo-x  al¬ 
loys  near  the  ferromagnetic  phase  boundary  at  x=37.5.  We 
have  analyzed  our  data  in  terms  of  both  a  magnetic  cluster 
model  and  a  SF-model. 

Appropriate  amounts  of  Fe  (99.98%)  and  Zr  (99.9%) 
were  induction  melted  on  a  water-cooled  copper  boat  in  a 
Ti-gettered  argon  atmosphere.  The  boules  were  twice  re¬ 
melted  to  ensure  homogeneity.  The  alloys  were  then  rapidly 
quenched  by  melt  spinning  in  a  He  atmosphere  with  a  tan¬ 
gential  wheel  speed  of  around  50  m/s,  yielding  meter  length 
ribbons  1  mm  wide  and  ~20  fim  thick.  Cu  x-ray  diffrac¬ 
tion  using  an  automated  Nicolet-Stoe  powder  diffractometer 
showed  the  samples  to  be  amorphous.  Some  samples  near 
x=30%  showed  small  crystal  peaks  which  did  not  appear  on 
the  wheel  side  of  the  ribbon  and  could  be  easily  removed 
from  the  free  side  by  a  very  light  sanding.  Sample  composi¬ 
tions  were  determined  by  electron  microprobe  analysis. 

Absolute  Cp  data  were  measured  between  2  and  25  K 
using  a  time  relaxation  technique**  modified  by  the  use  of  an 
ac  chopped*’  Au-0.07%  Fe  thermocouple  and  a  thick  film 
ruthenium  oxide  resistance  thermometer.*^  The  microcalo¬ 
rimeter  was  checked  for  accuracy  by  measuring  gold  and 
copper  standards*'*  and  the  overall  accuracy  and  precision 
were  each  found  to  be  2%.  Appro  ^.nately  40  mg  of  ribbon 
were  wound  into  a  ~7-mm-diam  coil  and  silver  pasted  to  the 
addenda.  This  mounting  technique  allows  large  sample  load¬ 
ing  with  a  fast  internal  relaxation  time.  The  calorimeter  could 
be  placed  in  the  bore  of  a  5  T  superconducting  solenoid  with 
the  field  axis  parallel  to  that  of  the  sample  coil  to  minimize 
demagnetization  effects.  The  small  magnetoresistance  of  the 
carbon  glass  thermometer  was  corrected  for  using  a  field- 
independent  capacitance  thermometer. 

Figure  1  shows  the  specific  heat  of  several  of  our 
a-Fe^Zrioo-f  samples.  Normally,  for  r<0o/4O,  Cp  can  be 
written  as 

Cp=yT+pT\  (1) 

where 

y=Wkl(  1  +  X^_p)A/o(£f  )=(  1  +  K-p)  To 
and 

(1.944X10®  mJ/molK) 

/3= - - ■ 
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FIG.  1.  CpIT  vs  for  a-Fe^Zfioo-i.  The  dashed  and  solid  lines  are  fits  to 
Eqs.  (1)  and  (3),  respectively. 

Since  0o~2OO  K,^  we  expect  plots  of  CpIT  vs  to  yield 
straight  lines.  This  is  clearly  not  the  case,  as  Fig.  1  shows 
definite  upturns  for  some  alloys  below  T^=  10  K^. 

In  the  presence  of  SF,  Eq.  (1)  becomes'* 

Cp=yo7'(^)+i8r3+£)rMn|^).  (2) 

This  may  be  more  conveniently  rewritten  as 

Cp=AT+BT^+DT^  In  T,  (3) 

where 

B  — 13“ D  in  Tsp 
and 

^  =  ro'n  */«  =  ro(  1  +  +  ^spin). 

Xjpjn  is  the  the  SF  electron  mass  enhancement. 

The  theory  also  predicts  that  both  A  and  D  increase  with 
the  Stoner  factor  5.  This  is  not  surprising  since  a  large  elec¬ 
tronic  specific  heat  y  and  the  existence  of  magnetic  order  in 
itinerant  systems  are  both  associated  with  a  high  density  of 
states  at  the  Fermi  level.  Plotted  as  CpIT  vs  T^,  Eq.  (2) 
shows  a  characteristic  upturn  at  temperatures  below  ^SF- 
Since  Eq.  (2)  is  only  valid  for  T^Tsf,  in  fitting  to  it,  the 
range  of  data  must  be  restricted  to  temperatures  not  too  far 
above  the  upturn. 

The  parameters  derived  from  fits  of  Eq.  (3)  to  the  data  in 
Fig.  1  are  shown  as  a  function  of  iron  content  in  Fig.  2.  The 
composition  dependences  of  the  coefficients  of  the  linear 
term.  A,  and  the  T^lnT  term,  D,  are  very  similar  as  ex¬ 
pected  from  their  dependence  on  S.  We  take  this  similarity  as 
support  for  the  SF  model.  Assuming  Xspin=0  fo*’ 
a-Fe26,7Zr73  3,  and  using  \  .p=0A^  we  can  calculate  for 
x=26.1.  Assuming  y^  and  X,,,^  remain  unchanged  for 
x=34.4,  we  obtain  Xsp,n=1.4  for  a-Fe344Zr65  6. 

We  have  also  fitted  Eq.  (1)  to  the  data  between  7  and  10 
K,  where  the  SF  term  is  expected  to  be  small.  The  P  resulting 
from  these  fits  is  shown  in  Fig.  3.  Analysis  of  the 
a-Fe26.7Zr73  3  data,  which  exhibits  normal  metallic  behavior 
at  low  temperatures,  shows  that  the  specific  heat  drops  below 


FIG.  2.  Some  of  the  parameters  resulting  from  fits  of  the  Cp  data  below  7 
K;  (O)  A  and  D  from  Eq.  (3)  and  (V)  A '  and  /)'  from  Eq.  (4).  The  solid  and 
dashed  lines  are  guides  for  the  fits  to  Eqs.  (3)  and  (4),  respectively.  Error 
bars  are  also  calculated  by  the  fitting  program. 

that  predicted  by  a  Debye  function  even  below  7  K.  There¬ 
fore,  we  cannot  exactly  determine  the  phonon  contribution  to 
B  in  Eq.  (3)  by  extrapolation  from  the  high-temperature  fits. 
The  departure  from  T^  behavior  appears  as  a  slight  downturn 
in  &  CpIT  vs  T^  plot  and  leads  us  to  underestimate  D,  and 
results  in  slightly  negative  values  in  some  cases. 

Nonetheless,  using  the  high-temperature  /8  value  and  the 
definition  of  B  in  Eq.  (3)  we  estimate  Tsf  foi"  our  samples 
which  show  a  clear  deviation  from  normal  behavior  [Eq. 
(1)].  These  are  shown  in  Fig.  3  together  with  the  approximate 
curve  obtained  from  the  resistivity  of  fl-Fe_,Zr,oo-;c**  Altou- 
nian  etaO^  have  done  a  more  detailed  determination 
of  Tsf  through  a  study  of  the  isostructural  system 


FIG.  3.  (O)  Phonon  Cp  coefficient,  )3,  resulting  from  fits  of  the  data  be¬ 
tween  7  and  10  K  to  Eq.  (1).  The  straight  solid  line  is  a  guide  to  the  eye. 
Displayed  in  the  lower  section  are  approximate  values  of  T^p  whose  deri¬ 
vation  is  discussed  in  the  text  (A).  Data  taken  from  resistivity  studies  of  Ref. 
8  (T  and  dashed  line)  and  Ref.  15  (A)  are  also  shown  for  comparison. 
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fl-(Fe^Niioo_y)33.3Zrgg7-  Substitation  of  Fe  by  Ni  allowed 
separation  of  the  resistivity  due  to  SF  from  that  due  to 
electron-phonon,  scattering  since  for  y<0A,  the  latter  pro¬ 
cess  dominates.  They  find  rsF=15  K  for  y=100  which  is 
also  shown  in  Fig.  3.  We  take  the  good  agreement  between 
the  IsF  derived  from  two  very  different  measurements  as 
further  support  for  the  SF  model.  The  values  of  Jsp  and  that 
of  Xjpin  discussed  earlier  are  similar  to  those  for  Ni3+j^i_;( 
and  so  a-Fej.Zrioo-i  can  probably  be  classed  as  the  same 
type  of  spin  fluctuator.^ 

We  now  turn  our  attention  to  the  only  other  plausible 
explanation  for  the  data.  Upturns  similar  to  those  of  Fig.  1 
have  been  seen  the  Cp  of  Cu6oNi4oFeoo2^^  and  result  from 
superparamagnetic  moment  clusters  which  form  about  the  Fe 
atoms  and  extend  for  several  lattice  spacings.  The  clusters 
contribute  an  extra  component  to  Cp  as  they  are  small 
enough  that  their  energy  in  the  local  crystal  field  is  compa¬ 
rable  with  kgT.  This  contribution  to  can  be  described  as 
a  Schottky-like  function  which  we  have  approximated  by  a 
constant  to  yield  the  expression: 

Cp=A'T+^’T^+D'.  (4) 

The  fits  are  as  good  as  those  to  Eq.  (3)  and  the  results  are 
also  shown  in  Fig.  2.  The  size  and  composition  dependence 
of  the  D'  term  resembles  that  of  and  earlier  study***  however 
we  do  not  observe  a  divergence  in  Qp.  Identifying  D'  with 
kg  times  the  number  of  magnetic  clusters  per  mole,  we  can 
derive  a  lower  bound  of  order  10"^  clusters  per  mole.  Such  a 
small  number  of  clusters  seems  unlikely  in  the  presence  of  so 
much  iron.  While  SF  and  magnetic  clusters  both  yield  an 
enhanced  susceptibility,  a  more  complete  study  of  the  high- 
field  magnetization  could  rule  out  the  magnetic  cluster  pic¬ 
ture. 

Finally,  we  discuss  the  magnetocalorimetry  results.  In  a 
sample  with  magnetic  clusters,  the  applied  field  adds  to  the 
local  field  felt  by  the  clusters  so  that  when  the  two  are  of  the  ' 
same  order,  the  magnetic  Cp  component,  D',  should  increase 
significantly  since  we  are  on  the  high-temperature  side  of  the 
Schottky  anomoly.***  These  local  fields  must  be  less  than  1  T, 
since  we  know  that  the  Schottky  peak  is  at  K~/iBX{l 
T),  so  that  we  would  expect  a  significant  change  in  the  mag¬ 
netic  Cp  at  5  T.  For  SF,  the  effect  of  a  magnetic  field  appears 
as  a  change  in  the  linear  Cp-? 

y{B=0)-yiB)  S  I  figB  y 

y{B  =  0)  \nS  [kgTsJ  - 


With  Tsf^IO  K  and  5 =10,  we  would  expect  a  decrease  in  y 
of  order  3%  in  a  field  of  5  T.  The  Cp  of  x =31.6  and  x =30.3 
samples  were  measured  in  fields  of  0,  3.5,  and  5  T.  No 
change  was  found  to  within  3%.  Our  results,  therefore,  sup¬ 
port  the  SF  picture. 

In  conclusion,  we  have  presented  observations  of  a  spin 
fluctuation  contribution  to  Cp  in  a  nearly  fenomagnetic 
amorphous  alloy.  While  fits  to  the  data  cannot  unequivocally 
distinguish  between  a  SF  model  and  a  magnetic  cluster 
model,  interpretation  of  the  fit  parameters  favors  the  SF 
model,  as  does  the  preliminary  field  work.  Taken  together 
with  earlier  results  on  the  low-temperature  resistivity®’*^  and 
susceptibility,^  this  is  strong  evidence  of  spin  fluctuations  in 
this  system. 
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Magnetic  properties  of  coiioidai  siiica:  Potassium  Siiicate 
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Homogeneous  composites  of  Fe  and  silica  containing  5-40  wt  %  Fe  have  been  prepared  by 
infiltration  of  ferric  nitrate  solution  into  a  colloidal  silica;  potassium  silicate  gel  at  room 
temperature.  Previous  electron  microscopy,  small  angle  neutron  scattering,  and  nitrogen  sorption 
(BET)  measurements  on  such  gels  ,  have  shown  they  are  comprised  of  an  interconnected  silica 
matrix,  having  pores  ranging  from  2-800  nm  in  size.  Mdssbauer  effect  and  magnetization  data  show 
the  Fe  is  in  a  paramagnetic  environment  with  weak  antiferromagnetic  interactions.  Curie-Weiss 
analysis  indicated  negative  intercepts  of  the  temperature  axis  for  all  the  samples  and  that  the 
magnetic  moment  per  Fe  atom  (/Zpc)  decreased  as  the  Fe  content  increased  at  a  rate  of  ~0.0058 
IIbI%  Fe.  For  most  of  the  samples  AtFe*®2.1  fig .  By  contrast,  in  silica  gel/Fe  nanocomposites  formed 
by  the  polymerization  of  an  aqueous  solution  of  tetraethoxysilane  and  iron  nitrate,  the  Fe  possessed 
magnetic  moments  varying  from  3.9  to  2.9  fig .  It  is  suggested  that  the  difference  is  a  result  of  the 
different  pore  structures  of  the  gels,  and  not  due  to  the  different  methods  (e.g.,  postmatrix  infiltration 
as  compared  to  premixing  prior  to  matrix  polymerization)  used  to  introduce  the  Fe. 


Fine  dispersions  of  magnetic  particles  in  nonmagnetic 
matrices  have  been  found  to  possess  different  magnetic  char¬ 
acteristics  that  the  same  particles  compacted  together  into  a 
bulk  material  without  the  nonmagnetic  constituent.'  In  fact, 
the  properties  may  be  tailored  by  proper  adjustment  of  the 
relative  composition  of  the  two  species  (an  easy  variable  to 
control)  and  the  thermal-magnetic  treatment  given  the  mate¬ 
rial.  Applications  of  such  materials  to  recording  heads,^  high- 
density  recording  media,^  color  reproduction,**  and  magnetic 
refrigeration^  have  been  suggested.  For  the  creation  of  bulk 
solids  containing  such  fine  particle  dispersions,  sol-gel  meth¬ 
ods  have  been  found  to  be  particularly  effective.*'^  After 
preparation,  their  magnetic  character  can  even  be  changed  on 
demand  by  treatment  in  various  gases  at  about  350  °C.  Many 
magnetic  phenomena  have  been  found  in  materials  prepared 
via  the  sol-gel  route,  including  paramagnetism,  fenomag- 
netism,  superparamagnetism,  and  spin-glass  behavior.  Ini¬ 
tially,  it  was  thought  that  the  matrix  gel  provided  only  a 
support  for  the  fine  Fe  particles.®  However,  subsequent  stud¬ 
ies  of  silica  gel/Fe  (SG/Fe)®  and  alumina  gel/Fe  (AG/Fe)’ 
systems  showed  that  the  matrix  played  an  active  role  in  de¬ 
termining  the  magnitude  and  concentration  dependence  of 
the  magnetic  moment  of  the  Fe.  Recently,  another  type  of 
gel,  colloidal  silica:  potassium  silicate  gel  (CSPS),’  came  to 
our  attention.  This  material  possessed  a  much  larger  pore 
volume  but  with  a  combination  of  pore  sizes  varying  down 
to  a  few  nanometers.  Fe  loading  in  the  new  gel  is  accom¬ 
plished  by  infiltration  after  formation  of  the  gel.  This  process 
is  in  contrast  to  that  followed  in  the  previous  studies  of  the 
SG/Fe  and  AG/Fe  nanocomposites  wherein  the  matrix  gel 
and  Fe  clusters  were  formed  simultaneously.  As  a  test  of  the 
effect  of  infiltration  on  the  magnetic  character  of  the  com¬ 
posite  and  as  an  attempt  to  increase  the  Fe  loading  without  a 
concomitant  increase  in  Fe  cluster  size,  the  present  study  was 
initiated. 

A  colloidal  gel  (CSPS)  was  made  by  a  process  devel¬ 


oped  by  Shoup®  wherein  an  electrostatically  stabilized  sol  of 
colloidal  silica  [Ludox  HS-40]'®'''  in  a  90  wt  %  potassium 
silicate  solution  [Kasil  No.  1]’^  is  gelled  using  an  aqueous 
formamide  gelling  agent  at  a  pH  of  10.8.  After  curing  for 
2-3  h  at  80  “C,  the  alkali  species  were  removed  by  ionic 
exchange  in  a  lAl  solution  of  NH4NO3  (90  °C)  followed  by 
immersion  in  a  lA/  solution  of  nitric  acid  (90  ‘’C)  and  a  wash 
in  distilled  water.'®  Previous  electron  microscopy,  small 
angle  neutron  scattering,  and  nitrogen  sorption  (BET)  mea¬ 
surements  on  such  gels  have  shown  they  are  comprised  of  an 
interconnected  silica  matrix  with  extremely  high  surface 
area,  having  intracluster  pores  ranging  from  2-10  nm  in  size 
and  a  bimodal  distribution  of  intercluster  voids  with  diam¬ 
eters  centered  around  200  and  800  nm.'®  The  infiltration  of 
magnetic  species  into  these  gels  was  accomplished  by  plac¬ 
ing  carefully  weighed  drops  of  aqueous  solutions  of 
Fe(N03)3  on  top  of  3-mm-thick  (25-mm-diam)  slices  of  the 
dried  gel.  Within  an  hour  the  liquid  was  absorbed  into  the 
solid,  and  the  gel  changed  from  a  white  to  a  light  brownish 
color  homogeneously  throughout  the  sample.  Magnetic  mea¬ 
surements  were  performed  on  this  material  after  drying  in  air 
at  300  K  for  two  weeks.  In  this  study  nanocomposites  of 
CSPS/Fe  containing  5.7%,  10.6%,  20.3%,  30.0%,  and  40.3% 
iron  were  prepared.  All  Fe  contents  herein  are  quoted  in 
weight  percent  of  the  final  composite,  consistent  with  the 
labeling  convention  used  for  the  SG/Fe  and  AG/Fe  gels  of 
the  earlier  studies.  Mdssbauer  effect  measurements  were  per¬ 
formed  using  the  sample  as  the  absorber  and  a  20  mCi  ®^Co 
in  Rh  source.  Velocity  calibration  of  the  Mdssbauer  equip¬ 
ment  was  performed  using  Fe203,  and  zero  velocity  is  the 
center  of  a  pure  Fe  spectrum.  The  magnetization  measure¬ 
ments  were  performed  between  300  and  5  K  in  a  SQUID 
magnetometer.  Magnetic  hysteresis  measurements  were  per¬ 
formed  by  measuring  the  sample’s  magnetization  as  the  mag¬ 
netic  field  was  cycled  in  steps  from  positive  to  negative  and 
back  to  positive  values  after  first  cooling  the  material  to  the 
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FIG.  1.  Mossbauer  effect  spectra  meiisured  for  a  10.6%  Fe/CSPS  nanocom¬ 
posite  measured  at  (a)  300  K  and  (b).  4.2  K. 


measurement  temperature  in  an  800-kA/m  field. 

Figure  1(a)  shows  an  example  of  the  Mossbauer  effect 
spectra  obtained  for  the  CSPS/Fe  nanocomposites  at  300  K. 
Ibe  data  are  characterized  by  an^  absorption  doublet  (0.67- 
mm/s  electric  quadrupole  splitting)  having  a  small  isomer 
shift  of  0.4  mrn/s.  This  is  very  similar  to  that  which  was 
observed  at  room  temperature  for  the  SG/Fe  and  AG/Fe 
nanocomposites  formed  by  the  polymerization  of  either  tet- 
raethoxysilane  (TEOS)  or  aluminum  triisopropoxide,  respec¬ 
tively,  in  the  presence  of  aqueous  Fe  nitrate.'’®  Those  mate¬ 
rials  possessed  an  interconnected  network  of  pores  inside 
which  the  iron  complexes  formed,  but  those  pores  exhibited 
only  a  single  size  distribution  centered  about  30  nm.’  On 
cooling  the  10.6%  Fe  CSPS/Fe  sample  to  4.2  K,  however, 
the  room-temperature  Mossbauer  effect  doublet  does  not 
broaden  or  decompose  into  a  six-line  spectra  indicative  of 
fine  Fe-containing  particles  slowing  down  their  magnetic 
spin-flipping  rate,  as  was  observed  in  the  previously  studied 
SG/Fe  and  AG/Fe  nanocomposites.  Instead,  for  the  CSPS/Fe 
composite  of  the  present  investigation,  there  is  a  sharpening 
of  the  room-temperature  doublet  (isomer  shift  remains  at  0.4 
mm/s,  but  the  quadrupole  splitting  decreases  to  0.52  mm/s), 
see  Fig.  1(b).  In  addition,  at  4.2  K  there  is  the  appearance  of 
a  second  absorption  doublet  having  a  larger  0.62-mm/s  iso¬ 
mer  shift  and  a  larger  l.S6-mm/s  quadrupole  splitting.  One 
possible  explanation  for  this  result  is  that  the  iron  atoms  in 
the  infiltrated  CSPS/Fe  sample  are  located  in  two  different 
local  environments  in  either  one  or  two  paramagnetic  lat¬ 
tices  in  the  pores,  each  type  of  Fe  atom  having  a  different 
electric  quadrupole  temperature  dependence.  By  contrast,  the 
iron  atoms  in  the  SG/Fe  and  AG/Fe  nanocomposites  are  lo¬ 
cated  in  nanometer-sized  clusters  of  a  ferromagnetic 
lattice.*’’  This  difference  is  surprising,  even  if  one  realizes 
the  matrix  plays  a  role  other  than  support  for  the  iron.  In  the 
previous  SG/Fe  and  AG/Fe  studies,  a  difference  in  the  nature 
of  the  iron  had  been  discovered  when  the  matrix  was  chemi¬ 
cally  different,  as  in  a  silica-gel  compared  to  an  alumina-gel 
matrix.  However,  in  the  present  case  both  the  CSPS/Fe  and 
SG/Fe  nanocomposites  possess  a  silica  matrix,  and  would 


FIG.  2.  Magnetization  vs  temperature  data  measured  at  the  indicated  tem¬ 
peratures  for  a  20.3%  Fe/CSPS  nanocomposite,  and  the  room-temperature 
magnetic  susceptibility  Of)  vs  wt  %  Fe  (Wp^)  fo;  a  series  of  CSPS/Fe  nano¬ 
composites  (inset).  The  dashed  line  Or='0.002  85Wpj)  is  a  linear  least- 
squares  fit  of  the  data. 


therefore  still  have  been  expected  to  be  magnetically  similar. 
Since  the  major  differences  between  these  two  silica  gel/Fe 
nanocomposites  are  their  vastly  different  morphologies  and 
the  different  methods  used  to  introduce  the  iron,  it  is  attrac¬ 
tive  to  conclude  that  either  of  these  factors  led  to  the  differ¬ 
ent  magnetic  character  of  the  nanocomposites. 

Magnetic  hysteresis  measurements  on  the  CSPS/Fe 
nanocomposites  also  showed  that  all  the  materials  containing 
less  than  30%  Fe  are  paramagnetic  at  both  room  temperature 
and  5  K,  consistent  with  the  Mossbauer  experiments.  A  typi¬ 
cal  example  of  these  data  is  shown  in  Fig.  2.  Note  the  linear 
relationship  between  field  and  magnetization  indicative  of 
this  type  of  magnetic  state.  At  room  temperature  the  mag¬ 
netic  susceptibility  for  these  materials  increased  linearly  with 
Fe  content  from  1.36X10“’  m’/kg  for  the  5.7%  Fe  sample  at 
a  rate  of  2.85X10“’  m’/kg  per  percent  Fe  (see  inset  of  Fig. 
2),  thereby  providing  confidence  in  the  quoted  concentra¬ 
tions.  Typically,  a  40-fold  increase  in  susceptibility  was 
found  for  all  these  samples  on  cooling  from  300  to  5  K  (e.g., 
see  Fig.  2),  typical  of  that  expected  for  a  paramagnet.  For  the 
40%  Fe  sample,  there  is  a  slight  curvature  toward  the  field 
axis  (with  essentially  zero  remanence)  in  the  initial  part  of 
the  hysteresis  loop  at  both  300  and  5  K.  Since  the  higher 
field  data  (|//|>15  kA/m)  possess  a  linear  M-H  behavior, 
these  data  suggest  a  small  admixture  of  either  a  superpara- 
magnetic  or  ferromagnetic  component  with  the  majority 
paramagnetic  phase.  The  magnetic  susceptibility  values  are 
about  one-tenth  that  measured  for  the  SG/Fe  nanocomposites 
studied  earlier,®  indicating  a  lower  magnetic  moment  per  Fe 
atom  in  the  present  samples.  In  order  to  determine  this  more 
quantitatively,  the  temperature  dependence  of  the  susceptibil¬ 
ity  was  measured  for  the  CSPS/Fe  material.  Figure  3  is  rep¬ 
resentative  of  this  data.  Note,  there  are  no  discontinuities  in 
the  susceptibility  data  indicating  the  lack  of  magnetic  transi¬ 
tions  between  3(X)  and  5  K.  The  dashed  line  in  this  figure  is 
a  least-squares  fit  of  the  high-temperature  inverse  suscepti¬ 
bility  data  to  a  straight  line.  All  the  samples  in  this  study 
exhibited  this  Curie-Weiss  behavior  with  significant  devia¬ 
tions  at  low  temperatures.  The  slopes  of  the  high-temperature 
Vx  vs  T  fits  were  analyzed  as  in  Ref.  8  to  obtain  the  mag¬ 
netic  moment  per  Fe  atom,  and  these  results  are  shown  in 
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FIG.  3.  Magnetic  susceptibility,  x,  (filled  squares)  and  inverse  susceptibility 
(triangles)  vs  temperature  for  a  20.3%  Fe/CSPS  nanocomposite  showing 
Curie-Weiss  behavior.  The  arrows  indicate  the  appropriate  axes.  The  dashed 
line  is  a  least-squares  fit  of  the  high-temperature  1/x  data. 


Fig.  4.  In  the  SG/Fe  cluster  materials  of  the  earlier  studies, 
the  magnetic  moments  were  above  3  /ifl/Fe  atom  and  they 
decreased  with  increasing  Fe  content  at  a  rate  of  0.038  /Ub/% 
Fe.  The  situation  is  much  different  for  the  present  infiltrated 
CSPS/Fe  nanocomposites.  The  present  materials  possess 
much  smaller  values  near  2.1  /Hfl/Fe  atom.  Similar  to  the 
SG/Fe  nanocomposites,*  the  magnetic  moment  per  Fe  atom 
in  the  CSPS/Fe  materials  also  decreases  with  increasing  Fe 
content,  although  at  the  much  lower  rate  of  0.0058  /jlb/%  Fe. 
This  decrease  can  be  explained  by  the  presence  of  weak  an¬ 
tiferromagnetic  interactions  between  the  Fe  atoms  similar  to 
that  reported  for  ferrites  via  intermediary  oxygen  atoms.” 
This  interpretation  is  also  consistent  with  the  “negative” 
temperature-axis  intercept  found  for  the  extrapolated  high- 
temperature  behavior  for  all  the  CSPS/Fe  samples  (see  Fig. 
3).  Iron  is  present  during  the  formation  of  the  gel  in  the 
SG/Fe  material  and  may,  therefore,  participate  in  the  gella- 
tion  chemistry.  However,  in  the  CSPS/Fe  material  the  Fe  is 
added  after  the  formation  of  the  CSPS  matrix.  Thus  the  in¬ 
teraction  of  the  Fe  with  the  matrices  may  be  quite  different  in 
the  two  systems.  In  order  to  check  this  possibility,  a  pure 


Weight  %  Fe 


FIG.  4.  Magnetic  moment  per  Fe  atom  (Hfc),  in  Bohr  magnetrons  (fig),  vs 
wt  %  Fe  (IV p,)  for  a  series  of  CSPS/Fe  nanocompositcs.  The  dashed  line 
(/xp5=2.15-0.005  TSWpt)  is  a  linear  least-squares  fit  of  the  data  for  the  four 
most  concentrated  materials. 


silica  gel  sample  was  prepared  using  the  preparation  tech¬ 
nique  of  the  SG/Fe  nanocomposites.  Iron  was  subsequently 
introduced  into  the  gel  to  a  concentration  of  16%  using  the 
infiltration  technique  of  the  CSPS/Fe  nanocomposites.  At 
room  temperature,  the  Mossbauer  spectra  was  similar  to  that 
shown  in  Fig.  1(a)  (isomer  shift  of  0.5  mm/s  and  an  electric 
quadrupole  splitting  of  0.68  mm/s),  but  at  4.2  K  the  spectra 
consisted  of  an  admixture  of  the  room  temperature  central 
doublet  and  a  prominent  six-line  hyperfine  field  pattern  (iso¬ 
mer  shift  of  0.37  mm/s  and  hyperfine  field  of  40.3  kA/m). 
This  result  indicates  the  iron  is  in  nanometer-sized  ferromag¬ 
netic  clusters.  This  result  is  also  identical  to  that  observed 
earlier  for  the  SG/Fe  nanocomposites  wherein  the  iron  was 
introduced  before  the  solution  polymerization.®  Conse¬ 
quently,  we  suggest  the  different  magnetic  behavior  of  the 
CSPS/Fe  nanocomposites  is  due  to  different  Fe-matrix  inter¬ 
actions  caused  by  the  material’s  much  different  morphology, 
including  the  very  fine  2-10  nm  intracluster  pores  and  the 
200-800  nm  intercluster  voids,**  and  pore  chemistry.  A  simi¬ 
lar  phenomena  was  observed  earlier  in  ion-exchange  resins.'* 
In  that  case,  the  pore  structures  were  found  to  be  responsible 
for  the  in  situ  formation  of  metastable  y-Fe203  (maghemite) 
at  room  temperature. 

In  conclusion,  the  form  of  the  Fe  in  the  CSPS/Fe  nano¬ 
composites  was  found  to  be  different  from  that  in  the  SG/Fe 
nanocomposites,  even  though  the  source  of  the  Fe  was  the 
same  in  both  cases  and  the  matrix  in  both  cases  was  silica.  It 
is  suggested  that  the  difference  is  a  result  of  the  different 
morphology  and  pore  chemistry  of  the  materials  rather  than 
the  methods  (e.g.,  postmatrix  infiltration  as  compared  to  pre¬ 
mixing  prior  to  matrix  polymerization)  used  to  introduce  the 
Fe. 

The  authors  express  their  appreciation  to  L.  Swartzen- 
druber  and  W.  Haller  for  helpful  discussions  of  the  data. 
Special  appreciation  is  expressed  to  H.  Brown  for  perform¬ 
ing  the  magnetization  measurements  of  this  study. 
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Origin  of  high  coercive  force  in  rare-earth>transmission-metai  thin  fiim 
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A  sequence  of  rare-earth/transmission-metal  (RE-TM)  films  have  been  sputter  coated  and  an 
increase  in  the  coercive  force  of  over  six  times  has  been  measured  for  a  change  in  argon  pressure 
from  2  to  10  mTorr.  By  using  small-angle  x-ray  scattering  measurements,  a  strong  correlation  has 
been  found  between  the  number  or  volume  of  voids  and  the  coercive  force  in  sputtered  coatings  of 
RE-TM  materials,  especially  Tb-Fe-Co.  A  transmission  electron  microscopy  technique  has  shown 
that  the  majority  of  these  voids  accumulate  in  the  observed  gaps  between  columns. 


i.  INTRODUCTION 

The  majority  of  rare-earth/transition-metal  (RE-TM) 
magneto-optic  (MO)  materials  used  for  information  storage 
are  made  by  sputtering,  usually  under  argon,  with  a  pressure 
above  1  mTorr.  Calculations  indicate  that  the  coercive  force 
He  depends  very  much  not  only  on  the  composition  but  also 
upon  the  sizes  of  voids.'  In  addition,  it  has  been  reported  that 
the  coercive  force  is  very  dependant  on  the  argon  pressure 
used  for  sputtering.^  In  this  article  we  report  on  the  effects  of 
argon  pressure  on  the  value  of  and  on  the  number  and 
sizes  of  voids  in  the  MO  coatings.  We  have  also  determined 
the  position  of  these  voids.  The  effects  of  different  dielectrics 
and  of  different  coaving  thicknesses  are  also  discussed. 

II.  EXPERIMENT 

The  MO  and  SiC  dielectric  layers  were  prepared  by  dc 
sputtering,  while  for  the  SiN  dielectric,  rf  sputtering  was 
used.  The  samples  were  made  either  as  an  alloy  or  as  a 
nanolayered  structure  of  iron  cobalt  and  terbium  using  a 
separate  terbium  target.  The  magnetic  properties  were  mea¬ 
sured  with  a  vibrating  sample  magnetometer  and  the  micro- 
structural  imaging  of  the  films  was  performed  with  an  elec¬ 
tron  microscope.  The  sizes  and  volume  fractions  of  the  voids 
were  determined  using  small-angle  x-ray  scattering  (SAXS). 

III.  RESULTS 

A.  Magnetic  measurements 

Measurements  of  the  composition  of  the  deposited  films 
showed  small  variations  around  the  average  terbium  content 
(21  at.  %),  resulting  from  the  different  argon  deposition  pres¬ 
sures  used  in  this  study.  These  compositional  variations  cor¬ 
respondingly  cause  slight  changes  in  the  compensation  tem¬ 
perature  Tc  and  this  changes  both  and  A/,,  but  not 
MfHe .  Figure  1  shows  a  comparison  between  coatings  made 
at  5000  (for  the  SAXS  measurements),  700,  and  200  A.  It 
can  be  seen  that  there  is  a  significant  rise  in  //<.  (or  M^H^)  as 
the  thickness  is  reduced  but  the  slope  of  M^Hc  versus  pres¬ 
sure  increases  as  the  thickness  is  reduced.  Also  shown  in  Fig. 
1  is  the  effect  of  different  dielectrics  (SiC  and  SiN).  Exami¬ 


nation  of  the  separate  contributions  of  and  He  show  that 
the  value  of  changed  very  little,  probably  because  of  the 
low  value  of  the  compensation  temperature  used;  most  of  the 
measured  change  with  pressure  was  caused  by  changes  in 
He .  For  these  measurements,  we  used  a  nanolayered  struc¬ 
ture  consisting  of  one  layer  of  terbium  for  each  layer  of  iron 
cobalt,  as  this  gave  the  highest  values  of  He  Measurements 
made  using  alloy  coatings  showed  smaller  values  of  He  but 
the  same  percent  increase  of  He  with  coating  pressure. 

B.  Small-angle  x-ray  scattering  measurements 

Small-angle  x-ray  scattering  (SAXS)  was  used  to  inves¬ 
tigate  the  void  densities  contained  in  sputtered  amorphous 
Tb-Fe-Co  films.  SAXS  is  sensitive  to  long-range  (>10  A) 
electron  density  fluctuations.  These  fluctuations  might  arise 
from  voids  or  from  other  composition  fluctuations.  In  this 
experiment,  modeling  was  used  to  determine  that  the  only 
reasonable  explanation  of  the  observed  SAXS  is  that  it  origi¬ 
nates  from  voids,  rather  than  from  phase-separated  materials. 

The  small-angle  x-ray  scattering  experiments  were  per¬ 
formed  using  CuXa  radiation  over  a  k  range  of  0.006<^ 
<0.304  A“',  where  A:=(47rsin  0)/\.  A  transmission  geom¬ 
etry  was  used,  thereby  sampling  correlations  in  the  plane  of 


Argon  Pressure  (mTorr) 


FIG.  1.  M,He  of  MO  layers  of  thicknesses  200,  700,  and  5000  A  coated 
onto  SiC  and  SiN  dielectric  layers  plotted  against  argon  coating  pressure. 
The  M,He  values  were  measured  at  30  °C  or  (for  high  //<,  values)  were 
obtained  by  extrapolation  from  values  measured  at  higher  temperatures. 
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the  films.  Some  ani^tropy  in  the  void  structures  in  the  plane 
of  the  film  and  normal  to  it  must  be  expected.  The  sizes  of 
the  voids  in  the  plane  are  of  interest  to  determine  since  they 
are  relevant  to  the  movement  of  domain  walls.*  The  contri¬ 
bution  to_the  total  sample  SAXS  signal  from  the  substrate 
was  measured  and  removed  and  the  resulting  scattering  was 
put  on  an  absolute  scale  by  referencing  a  standard  to  deter¬ 
mine  the  scattering  efficiency  per  unit  thickness.  The  scat¬ 
tered  efficiency  is  then  on  an  absolute  scale  with  units  of 
inverse  length  and  can  then  be  compared  directly  to  the  re¬ 
sults  of  calculations  for  various  models. 

SAXS  can  arise  from  many  sources,  including  phase 
separation,  voids,  etc.  To  determine  which  of  these  are,  and 
are  not,  consistent  with  the  experimentally  observed  patterns, 
the  scattering  from  several  simple  models  was  calculated.  All 
modeling  was  done  assuming  spherically  symmetric  particles 
of  a  given  radius  in  a  homogeneous  matrix.  The  scattered 
efficiency  per  unit  sample  thickness  for  closely  packed 
spherical  particles'*  as  an  approximate  solution  for  a  fluid  of 
noninteracting  hard  spheres  was  calculated.  This  calculation 
then  also  has  units  of  inverse  length.  This  method  for  gener¬ 
ating  the  calculated  data  cannot  be  expected  to  reflect  the 
actual  arrangements  in  the  alloys  to  a  high  degree.  It  can  be, 
at  best,  only  a  reasonable  approximation  due,  in  part,  to  the 
assumption  of  spherical  particles  of  a  uniform  size.  It  has 
proven  sufficient,  however,  to  eliminate  potential  models  and 
to  determine  the  approximate  size  of  inhomogeneities  in  the 
materials. 

Modeling  of  the  SAXS  from  these  samples  was  at¬ 
tempted  with  two  distinct  types  of  physical  structures.  In  one 
case,  we  calculated  the  SAXS  for  phase  separation  models, 
in  which  the  samples  consisted  of  two  compositionally  dis¬ 
tinct  amorphous  phases.  No  compositionally  consistent  mod¬ 
els  were  able  to  simultaneously  reproduce  the  amplitudes 
and  shapes  of  the  experimentally  observed  SAXS  patterns. 

Calculations  were  also  made  of  the  scattering  expected 
for  a  Tb-Fe-Co  matrix  and  spherical  voids  in  that  matrix. 
Models  with  large  voids  were  chosen  to  represent  the  low- 
angle  scattering  and  smaller  voids  were  used  for  the  higher 
angles.  With  the  appropriate  selection  of  void  sizes  and  den¬ 
sities,  the  main  features  of  the  observed  SAXS  patterns  were 
easy  to  fit. 

The  observed  SAXS  varies  with  changes  in  deposition 
pressure  and  period.  Figure  2  shows  the  SAXS  patterns  for 
four  films  deposited  at  different  sputtering  pressures.  As  the 
pressure  is  increased  from  3.2  to  4.5,  and  then  to  6.4  mTorr, 
the  amplitude  of  the  low-angle  scattering,  which  represents 
large  voids,  increases.  Modeling  indicates  that  the  large  void 
size  drops  from  approximately  165  to  120  to  100  A  in  these 
films,  while  the  large  void  density  increases  from  1.4X10*^ 
to  2X10*“*  to  3X10*^  voids/cm^,  respectively.  These  void 
densities  can  also  be  expressed  as  void  volumes.  Then,  the 
corresponding  void  volumes  would  be  0.026%,  0.15%,  and 
1.3%.  At  10  mTorr,  a  shoulder  has  appeared  in  this  low-angle 
region.  This  hump  is  due  to  a  higher  density  (6.5  X 10*’ 
voids/cm^,  7.4%  void  volume)  of  smaller  voids,  about  30  A 
in  radius.  The  large  voids  increase  in  size  to  165  A,  and  the 
corresponding  void  density,  as  described  above,  is  4.5X10*^ 
voids/cm^  (0.095%  void  volume).  Hence,  in  the  10  mTorr 


FIG.  2.  Small-angle  x-ray  scattering  from  Tb-Fe-Co  films  deposited  at  3.2, 
4.5,  6.4,  and  10  mTorr.  The  dotted  line  is  the  sum  of  separate  calculations 
using  models  with  an  amorphous  Tb-Fe-Co  matrix  plus  voids  of  165  A 
radius  and  with  30  A  voids  and  shows  a  good  fit  to  the  scattering  from  the 
10  mTorr  sample. 

film,  the  total  void  volume  has  increased  substantially.  Figure 
2  shows  the  sum  of  the  calculated  scattering  from  the  large 
and  small  void  models  as  a  dotted  line.  This  sum  fits  the 
experimental  data  remarkably  well,  considering  that  there  is 
expected  to  be  a  distribution  in  void  size  and  number  in  the 
films. 


C.  Electron  microscopy  measurements 

The  microstructural  imaging  of  the  films  was  carried  out 
using  a  JEOL  200CX  operated  at  200  kV.  Two  kinds  of  trans¬ 
mission  electron  microscopy  (TEM)  samples  were  prepared. 
One  is  a  plane-view  sample  and  the  other  is  a  cross-sectional 
view  sample.  For  the  plane-view  samples,  film  stacks  of 
SiC(150  A)/RE-TM(~300  A)/SiC(150  A)  were  deposited  on 
NaCl  (100)  crystal  substrates  and  on  SiO  substrates.  Films 
grown  on  NaCl  substrates  were  floated  off  the  NaCl  sub¬ 
strates  in  water  and  placed  on  TEM  grids.  For  the  cross- 
sectional  view  samples,  the  same  film  stack  was  deposited  on 
Si  (100)  wafers.  The  cross-section  samples  were  prepared  by 
first  mechanically  polishing,  followed  by  dimpling,  and  fi¬ 
nally  ion  milling. 

Figure  3  shows  a  cross-sectional  view  of  the  Gd-Co  thin 
film.  The  film  stack  of  SiC/Gd-Co/SiC/Si(100)  is  shown  in 
the  direction  of  Si  (110).  The  Si  substrate  shows  the  structure 
image  and  there  is  a  Si  oxide  layer  10-20  A  thick  on  the  Si 
substrate.  The  SiC  grown  on  the  Si  substrate  is  amorphous 
and  its  surface  is  as  smooth  as  the  Si  substrate.  The  Gd-Co 
layer  is  ai.so  amorphous  and  has  a  columnar  structure,  with 
the  top  of  the  columns  being  hemispherical  in  shape.  The 
diameter  of  the  columns  is  around  10  nm,  which  is  consistent 
with  the  data  obtained  from  a  plane-view  image. 

The  second  SiC  layer  on  the  Gd-Co  layer  is  amorphous, 
while  its  surface  has  ripples  as  if  it  followed  the  Gd-Co  film 
surface.  The  thickness  of  the  SiC  layer  t2  on  the  Gd-Co  film 
is  smaller  than  that  of  the  SiC  layer  ty  on  the  Si  crystal, 
although  the  same  amount  of  SiC  was  deposited  for  both  SiC 
layers.  Assuming  the  sticking  coefficient  of  SiC  on  the 
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FIG.  3.  Cross-sectional  view  of  the  SiC/Gd-Co/SiC  film  stack  on  a  Si  wafer 
(100).  tj  is  the  thickness  of  the  SiC  layer  on  the  Si  substrate,  <2  is  the 
thickness  of  the  SiC  layer  on  the  Gd-Co  layer,  and  r(],|.ca  is  the  thickness  of 
the  Gd-Co  layer. 

Gd-Co  layer  is  similar  to  that  on  the  Si  substrate,  SiC  mate¬ 
rial  corresponding  to  the  amount  of  tt“^2  P®*" 
tered  into  the  gaps  between  columns.  The  value  of 
(^i~<2)/(tGd-co)  is  10  Ih®  S^p  density  between  col¬ 
umns,  where  /o<j.co  is  the  thickness  of  the  Gd-Co  layer.  This 
gap  density  was  measured  to  be  approximately  8.5%.^ 

The  columnar  structures  of  Tb-Fe-Co  films  become  more 
distinctive  as  the  pressure  increases.^  The  gap  densities  of  the 
films  sputtered  at  3.2  and  6.4  mTorr  were  also  measured 
from  the  cross-sectional  views  in  the  same  manner  described 
above.  The  gap  densities  are  plotted  against  pressure  in  Fig. 
4.  The  gap  density  at  10  mTorr  was  obtained  from  the  Gd-Co 
film  and  the  other  two  points  were  measured  from  the 
Tb-Fe-Co  films.  In  this  study,  we  assume  that  the  data  ob¬ 
tained  from  Tb-Fe-Co  at  10  mTorr  is  similar  to  that  from 
Gd-Co  at  10  mTorr,  because  the  plane  view  of  the  Tb-Fe-Co 
film  resembles  that  of  the  Gd-Co  film.  Tb-Fe-Co  has  been 
seen  to  have  similar  physical  properties  to  Gd-Co.  It  can  be 
concluded  that  the  gap  density  increases  with  pressure.  This 
relationship  resembles  that  between  (mainly  He)  and 
pressure  as  shown  in  Fig.  1. 

IV.  DISCUSSION 

The  void  volumes  in  the  5000-A-thick  films,  with  10  A 
period,  were  determined  by  this  modeling.  The  numbers  of 
voids  increased  substantially  as  the  deposition  pressure  was 
increased,  as  discussed  above.  When  void  volumes  and 


FIG.  4.  Measured  gap  densities  plotted  against  argon  coating  pressure. 


Pressure  (mTorr) 


FIG.  5.  volume  determined  by  SAKS  vs  sputtering  pressure 

for  5000-A-thick  Tb-Fe-Co  films  with  10  A  period. 

M^Hc  values  are  plotted  versus  deposition  pressure,  remark¬ 
ably  similar  dependencies  are  seen  (Fig.  5).  This  strongly 
suggests  that  the  volume  of  sizeable  voids,  like  those  ex¬ 
pected  between  columns,  is  a  determinant  of  the  He  values  in 
MO  films.  The  measured  relationship  between  void  volume 
and  He  is  in  good  agreement  with  the  modeling  results  ob¬ 
tained  by  Mansuripur.* 

The  gap  volume  measured  by  the  TEM  technique  de¬ 
scribed  in  this  article  also  shows  that  this  increases  as  the 
argon  pressure  is  increased.  While  the  measured  volumes 
obtained  from  both  techniques  seem  to  agree  at  10  mTorr 
pressure  (see  Figs.  4  and  5),  it  should  be  noted  that  the 
SAXS  results  were  obtained  using  5000-A-thick  samples  and 
the  TEM  results  were  measured  from  200-300-A-thick 
samples,  so  exact  agreement  should  not  be  expected.  Of 
more  importance  is  the  fact  that  both  void  volume,  gap  den¬ 
sity,  and  He  increase  with  increase  of  argon  sputtering  pres¬ 
sure.  The  anisotropy  can  influence  He  but  measurements 
by  Merchant  and  Kryder®  have  shown  that  increasing  the 
argon  pressure  over  the  range  used  here  results  in  a  small 
reduction  of  lather  than  any  increase. 

V  CONCLUSIONS 

The  SAXS  and  VSM  results  show  that  both  the  void 
volumes  and  the  values  of  He  increase  with  coating  pressure. 
The  electron  microscope  results  have  shown  the  presence  of 
gaps  between  the  columns  of  the  RE/TM  coatings.  It  follows 
that  there  is  a  significant  contribution  to  the  increase  of  He 
with  coating  pressure  by  the  increasing  volume  fraction  of 
these  voids  located  in  *he  gaps  between  the  columns  of  the 
MO  films. 
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study  of  the  effect  of  defect  sizes  and  their  distribution  on  the  coercivity 
of  magnetic  media 
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The  nature  of  domain-wall  motion  coercivity  in  magnetic  media  is  studied  using  a  two-dimensional 
numerical  micromagnetic  model.  It  is  necessarily  assumed  that  the  source  of  the  coercivity  is 
cylindrical  anomalies  in  the  material  that  have  anisotropy  or  exchange  parameters  which  are  either 
larger  or  smaller  than  that  of  the  surrounding  media.  Varying  these  parameters  from  those  required 
to  obtain  the  observed  coercivity  shows  that  a  larger  decrease  in  either  parameter  is  required  to 
obtain  the  same  change  in  coercivity  as  a  given  increase.  Thus,  the  dependence  of  coercivity  on 
these  parameters  is  nonlinear.  It  was  also  found  that  the  computed  coercivity  decreases  with  an 
increase  in  the  separation  of  the  defects,  and  increases  with  an  increase  in  defect  size.  It  is  shown 
that  a  correction  for  the  calculated  coercivity  is  required  to  account  for  the  statistical  distribution  in 
defect  sizes  and  locations.  Finally,  a  suitable  variation  in  the  defect  parameters  can  accurately 
characterize  the  temperature  behavior  of  the  coercivity. 


I.  INTRODUCTION 

This  article  extends  the  work  described  in  Ref.  1  by 
carrying  out  detailed  calculations  in  the  study  of  the  nature 
of  coercivity  in  media  in  which  the  magnetization  reversal 
mechanism  is  domain-wall  motion.  In  these  media  coercivity 
is  introduced  by  defects  imbedded  in  the  lattice.  Soft  mag¬ 
netic  materials  and  magneto-optic  media  have  this  property. 
Due  to  the  stiffness  of  the  equations  which  describe  the  mi¬ 
cromagnetic  problem,  we  developed  an  efficient  mode¬ 
pushing  technique  to  accelerate  the  convergence  of  the  nu¬ 
merical  calculations.^  Cylindrical  defects  in  a  regular 
periodic  array  are  introduced  in  an  otherwise  perfect  mate¬ 
rial.  The  problem  then  reduces  to  solving  for  the  shape  of  a 
domain  wall  pinned  at  its  ends  by  the  defects.  On  the  appli¬ 
cation  of  a  magnetic  field  the  wall  bends,  and  at  the  critical 
field  is  pulled  away  from  the  defects. 

Computer  simulations  were  performed  on  a  rectangular 
region  measuring  15  nm  in  the  y  direction  and  60  nm  in  the 
X  direction.  The  choice  of  the  size  of  this  region  ensured  that 
the  region  included  approximately  two  domain  wall  widths 
in  the  x  direction,  while  the  average  distance  between  defects 
was  used  in  the  y  direction.  Due  to  the  symmetry,  calcula¬ 
tions  only  had  to  be  carried  out  over  half  of  that  region.  This 
region  was  then  discretized  into  a  60X  240  square  mesh. 
Thus,  the  lattice  constant  was  0.25  nm. 

II.  TYPES  OF  DEFECTS 

In  Ref.  3  the  coercivity  of  magneto-optic  media  was 
studied  using  a  one-dimensional  energy  well  model.  In  that 
model  it  was  assumed  that  magnetic  parameters  such  as  an¬ 
isotropy  and  exchange  are  locally  decreased  within  the  de¬ 
fects.  On  the  other  hand,  in  Ref.  4  we  implemented  a  one¬ 
dimensional  case  where  the  material  parameters  are  assumed 
to  he  larger  within  the  defects  compared  to  that  of  the  sur¬ 
rounding  media.  The  implementation  in  Ref.  4  was  based  on 
the  observation  that  for  epitaxial  garnet  crystals  with  nega¬ 
tive  magnetostriction,  localized  compressive  stresses  resulted 
in  an  increase  in  the  uniaxial  anisotropy.  The  result  of  these 
observations  is  reported  in  Ref.  5.  While  the  present  study  is 


not  carried  out  for  garnet  materials,  it  is  noted  that  at  present 
the  actual  sources  of  coercivity  in  the  media  studied  is  not 
completely  understood,  although  our  models  are  able  to  pre¬ 
dict  the  coercivity  observed  in  practice.  In  using  this  model, 
it  is  noted  that  in  the  case  of  the  energy  well  the  domain  wall 
is  centered  on  the  depression,  since  this  corresponds  to  the 
lowest-energy  position.  The  application  of  a  magnetic  field 
pulls  the  wall  away  from  this  position  until  a  Barkhausen 
jump  occurs  when  the  wall  is  freed  from  the  well.  In  the  case 
of  the  energy  barrier,  on  the  other  hand,  the  domain  wall  is 
pinned  at  a  location  in  front  of  the  barrier,  and  this  repulsive 
action  is  gradually  overcome  as  the  wall  climbs  toward  the 
barrier  with  increasing  magnetic  field.  At  the  critical  field  the 
wall  is  able  to  push  past  the  defects.  Coercivity  was  deter¬ 
mined  by  tracking  both  the  90°  and  30°  loci  on  the  domain 
wall.  Calculations  were  continued  until  the  30°  locus  of  the 
domain  wall  went  past  the  pinning  points. 

In  the  following  calculations,  the  magnetic  parameters 
used  were:  an  anisotropy  constant  of  3.2X10”'’  jW,  an  ex¬ 
change  constant  of  3.6X10“'“  J/m,  and  a  saturation  magne¬ 
tization  of  4.2X10'*  A/m.  Experimental  evidence  suggests, 
that  for  the  material  studied,  the  average  defect  size  is  3  nm 
and  the  average  distance  between  defects  is  15  nm.  Using 
this  data  we  computed  the  coercivity  as  a  function  of  the 
magnetic  parameters  within  the  defect.  The  magnetic  prop¬ 
erties  of  the  defects  will  henceforth  be  expressed  as  a  per¬ 
centage  relative  to  the  nominal  values  above.  Figure  1  shows 
this  variation  for  the  energy  well  model,  while  Fig.  2  shows 
this  variation  for  the  energy  barrier  model.  It  should  be  noted 
that  only  one  material  parameter  is  varied  at  a  time  in  the 
above  simulations.  Thus,  the  exchange  constant  is  kept  at  its 
nominal  value  when  the  anisotropy  is  varied,  and  vice  versa. 
A  comparison  between  Figs.  1  and  2  shows  that  for  the  same 
percentage  change  in  the  parameters,  higher  values  of  coer¬ 
civity  are  obtained  for  the  energy  barrier  model  than  for  the 
well  model.  For  example,  a  20%  change  in  anisotropy  and 
exchange  gives  a  coercivity  of  about  75  kA/m  for  the  barrier 
model  while  for  the  well  model  the  coercivity  is  about  22 
and  30  kA/m  for  the  same  20%  change  in  anisotropy  and 
exchange,  respectively.  It  is  seen  in  both  cases,  however,  that 
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SiM  of  defect: 


no.  1.  Variation  of  coerdvity  as  a  function  of  the  percentage  of  exchange 
or  anisotropy  in  the  defect  for  energy  well  model. 

the  relationship  between  the  coerdvity  and  the  change  in  the 
magnetic  parameters  is  nonlinear. 

III.  EFFECT  OF  DEFECT  SIZE  AND  SEPARAHON 

We  just  discussed  the  fact  that  both  the  energy  well  and 
energy  banier  models  can  be  used  to  model  the  coerdvity.  In 
these  calculations  the  average  defect  size  and  the  average 
distance  between  defects  was  used.  In  order  to  determine  the 
effect  of  a  distribution  in  defect  size  and  separation,  the  co- 
ercivity  was  calculated  for  defect  sizes  from  2  to  4  nm,  and 
for  distances  between  defects  from  10  to  30  nm.  It  was  ob¬ 
served,  as  shown  in  Fig.  3,  that  as  the  distance  between  the 
defects  increased,  the  coerdvity  decreased  nonlinearly.  Fig¬ 
ure  4  gives  a  plot  of  coerdvity  as  function  of  defect  sizes,  for 
values  of  defect  sizes  less  than  the  domain-wall  thickness.  A 
nonlinear  relationship  is  observed,  where  the  coerdvity  in¬ 
creases  with  '  tasing  defect  size.  This  observation  agrees 
with  the  one-climensional  model  calculations  where  the  co- 
ercivity  was  found  to  increase  with  increase  in  the  size  of  the 
defect  and  peaked  when  the  size  was  of  the  same  order  of 
magnitude  as  the  domain-wall  thickness.  This  observation 
also  agrees  with  tne  results  of  Ref.  6,  where  in  their  two- 
dimensional  simulation  of  nucleation  coercivity  they  ob¬ 
served  a  similar  trend.  The  results  of  Figs.  3  and  4  were 
obtained  using  the  anisotropy  energy  well  model,  however, 
the  value  of  the  anisotropy  was  kept  at  abitrary  values  of 
50%  and  75%,  respectively.  A  similar  trend  was  obser'ed 
when  the  energy  well  model  was  replaced  by  the  banier 
model.  We  noticed,  however,  that  unlike  our  models  which 


FIG.  2.  Variation  of  coercivity  as  a  function  of  the  percentage  of  exchange 
or  anisotropy  in  the  defect  for  energy  barrier  model. 


to 


10 1  »  ■  »  ■'  I.  -*■—  '■■■■  » 

10  15  20  25  30 

DIfUnct  IxtvMn  defMU,  nm 


FIG.  3.  Coercivity  as  a  function  of  the  distance  between  defects  for  anisot¬ 
ropy  energy  well  model. 


aie  able  to  calculate  the  observed  coercivity,  the  barrier-type 
model  of  Ref.  6  calculated  a  much  lower  coercivity  than  that 
which  was  observed.  Since  this  model  is  able  to  account  for 
the  bowing  of  the  domain  wall,  a  consequence  of  this  is  to 
make  the  wall  more  rigid  when  the  defects  are  closer  to¬ 
gether  than  when  they  are  further  apart,  thus  resulting  in  a 
stronger  field  being  needed  to  initiate  the  bowing  of  the  do¬ 
main  wall.  It  is  also  expected  that  he  two-dimensional 
model  would  exhibit  the  same  trend  as  the  one-dimensional 
model'*  where  the  coercivity  attains  a  maximum  when  the 
defect  size  is  on  the  same  order  of  magnitude  as  the  domain- 
wall  thickness. 

The  foregoing  discussion  assumed  that  the  defects  are  ai' 
identical  and  distributed  in  a  regular  array.  However,  in  prac¬ 
tice,  the  defects  are  randomly  distributed  throughout  the  me¬ 
dium,  thus  a  domain  wall  in  any  position  will  be  pinned  by  a 
distribution  of  defects.  Equally  important  is  the  fact  that  the 
sizes  and  thc.c-fore  the  pinning  strength  of  these  defects  is 
not  the  same.  Since  the  expected  value  of  a  function  of  a 
random  variable  is  equal  to  the  function  of  the  expected 
value  of  the  random  variable  only  if  the  function  is  linear, 
and  since  our  results  show  that  the  relationship  between  the 
coercivity  and  both  the  defect  sizes  and  defect  separation  is 
nonlinear,  it  is  necessary  to  correct  the  coercivity  computed 
using  the  average  values  for  the  distribution  in  defect  size 
and  separation. 

For  a  distribution  of  identical  defects  the  calculated  co¬ 
ercivity  is  found  to  exhibit  approximately  the  following  re¬ 
lationship: 


FIG.  4.  Coercivity  as  a  function  of  defect  size  for  anisotropy  energy 
well  model. 


J.  ^ppl.  Phys.,  Vol  76,  No.  10, 15  May  1994 


J.  A.  Jatau  and  E.  Della  Torre  6847 


eoo 


i 

j 


i 


{Hc)<=^d\ 


(1) 


where  d  is  the  average  defect  size.  In  order  to  assess  the 
effect  of  a  distribution  in  the  defect  size,  a  knowledge  of  the 
form  of  this  distribution  must  be  available  or  assumed.  Thus, 
if  we  assume  it  is  a  normal  distribution,  the  probability  den¬ 
sity  function  is  given  by 


f{d)= 


1  /  {d-{d))^\ 


(2) 


where  {d)  is  the  average  defect  size  and  is  the  standard 
deviation  in  the  size  of  the  defect.  Thus  for  this  distribution 
function,  we  have 

=  (3) 

and  the  expected  value  of  the  coercivity  is  given  by 
{d}) 

{H,)=H,{{d))j^-  (4) 


If  we  assume  five  different  defect  sizes  of  2,  4,  6,  8,  and  10 
nm,  and  uniformly  distributed,  then  we  will  expect  an  in¬ 
crease  in  the  coercivity  of  almost  30%. 

In  a  similar  way,  it  is  seen  that  the  coercivity  varies 
approximately  as  the  square  of  the  reciprocal  of  the  distance 
between  defects.  Thus  the  coercivity  calculated  using  the  av¬ 
erage  distance  between  defects  must  be  corrected  in  the  same 
way  that  the  defect  size  was  corrected.  Thus,  following  Eq. 
(3)  and  (4),  we  have 

=  (5) 

and 

(6) 


Tempertlure.  ^ 


FIG.  5.  Coercivity  as  a  function  of  temperature  for  experimental  and  com¬ 
puted  values. 

set  at  10%,  while  for  the  energy  barrier  model  these  were  set 
to  150%.  While  both  models  are  able  to  predict  the  general 
trend  in  the  variation  of  coercivity  with  temperature,  it  is 
seen  that  a  much  larger  decrease  in  the  magnetic  parameters 
is  required  in  the  well  to  achieve  the  same  coercivity  for  a 
given  increase  of  these  parameters. 

V.  CONCLUSIONS 

IXvo  models  of  wall  motion  coercivity  have  been  imple¬ 
mented  by  assuming  a  change  from  the  surrounding  medium 
of  either  the  anisotropy  or  exchange,  using  a  two- 
dimensional  numerical  micromagnetic  model.  It  has  been 
shown  that  both  the  banier  and  well  models  for  either  the 
anisotropy  or  exchange  can  predict  the  values  of  the  coercive 
field  obtained  in  practice,  as  demonstrated  using  experimen¬ 
tal  results  given  at  various  temperatures.  It  has  also  been 
shown  that  due  to  the  nonlinear  variation  of  coercivity  with 
defect  sizes  and  their  separation  a  correction  is  required  in 
the  calculated  value  of  the  coercivity  to  account  for  the  dif¬ 
ferent  defect  sizes  and  their  random  distribution. 
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Reversal  processes  in  Tb/Fe  multilayer  films  are  reported.  The  form  of  the  hysteresis  is  explained  as 
a  function  of  the  number  of  bilayers  in  terms  of  a  two-coercivity  model.  Remanence  measurements 
have  been  made  which  provide  an  insight  into  the  distribution  of  the  energy  barriers  for  the  two 
coercive  processes  associated  with  nucleation  or  domain-wall  motion.  The  time  dependence  of 
magnetization  has  also  been  measured  and  this  has  been  used  to  evaluate  fluctuation  fields  and 
activation  volumes  for  the  series  of  films.  The  variation  of  the  fluctuation  field  with  applied  field 
indicates  that  the  two-coercivity  model  proposed  is  consistent  with  the  time  dependence.  An 
increase  is  seen  in  the  average  activation  volume  with  the  number  of  bilayers. 


I.  INTRODUCTION 

Tb/Fe  multilayers  are  potential  magneto-optic  recording 
media.  These  films  possess  large  perpendicular  anisotropy, 
the  main  requirement  for  such  media.  Also  of  importance  is 
the  signal-to-noise  ratio  (SNR)  which  may  be  affected  by  the 
uniformity  of  written  domains  and  their  stability  over  time.  A 
material  is  required  in  which  domain-wall  creep  is  a  mini¬ 
mum  to  get  the  maximum  lifetime  from  a  medium. 

Reversal  processes  in  magneto-optic  thin  films  may  be 
descibed  by  a  two-coercivity  model  in  which  there  are  two 
fields  Hf)  and  //dw*  representing  the  nucleation  and  domain- 
wall  critical  fields,  respectively.*  If  we  have  a  film  in  which 

is  greater  than  //dw  “hen  the  conesponding  hysteresis 
loop  will  be  square  since  as  soon  as  reverse  domains  are 
nucleated  they  will  immediately  overcome  the  domain-wall 
critical  fields.  If,  however  then  reverse  domains 

will  be  formed  and  be  subject  to  pinning  of  their  walls  caus¬ 
ing  a  roqnding  of  the  hysteresis  loop.  In  a  separate  study  on 
Pt/Co  multilayers^  we  have  found  that  this  leads  to  the  for¬ 
mation  of  smaller  domains,  which  would  be  a  potential  ad¬ 
vantage  for  magneto-optic  recording. 

We  have  examined  magnetization  reversal  via  a  study  of 
the  two  primary  remanence  curves.  The  isothermal  rema¬ 
nence  magnetisation  (IRM)  curve  is  a  measurement  of  the 
remanence  aquired  as  a  function  of  the  magnetizing  field 
applied  to  an  originally  demagnetized  sample  and  thus  deter¬ 
mines  the  distribution  of  //dw  since  it  begins  from  a  state  in 
which  domains  are  present  in  both  directions.  The  demagne¬ 
tizing  remanence  (DCD)  curve  is  a  measurement  of  the  re¬ 
manence  after  the  application  of  a  demagnetizing  field  to  a 
previously  saturated  sample  and  thus  determines  the  distri¬ 
bution  of  either  process  depending  on  the  mean  activation 
energy. 

II.  EXPERIMENT 

The  multilayers  were  fabricated  by  sputtering.  The  layer 
thicknesses  were  14.3  A  IV-S-S  A  Fe.  Multilayers  were 
produced  with  varying  numbers  of  bilayers  from  6  to  32  and 
were  capped  with  a  100  A  aluminum  protection  layer.  Mag¬ 
netic  measurements  were  made  at  room  temperature  using  an 
automated  AGFM.  Hysteresis  loops,  iRM,  .  nd  DCD  curves 


were  measured  perpendicular  to  the  film  plane.  The  hyster¬ 
esis  loops  were  measured  with  a  sweep  time  of  about  2  min 
and  switching  of  the  magnetization  from  saturation  to  zero 
took  much  less  than  1  s.  During  the  DCD  measurements  the 
applied  field  was  removed  from  the  sample  in  a  fraction  of  a 
second  keeping  time-dependent  effects  to  a  minimum. 

The  time  dependence  was  measured  by  first  saturating 
the  film  in  one  direction  then  applying  a  reverse  field  and 
monitoring  the  magnetization  over  a  12  min  period.  This 
process  was  continued  using  increasingly  larger  reverse 
fields  until  the  nucleation  field,  measured  from  the  hysteresis 
loop,  was  approached  at  which  point  reversal  of  the  magne¬ 
tization  took  place  in  less  than  1  s. 

Analysis  of  the  time-dependence  data  was  made  using 
the  method  proposed  by  Street,  McCormick,  and  Folks, ^  in 
which  the  Arrhenius  relation  is  differentiated  to  give 

dH  kT 

- ^ ^ - = - =-Hf,  1 

d  ln[A/(//)/A/(0)]  vMs 


where  v  is  the  activation  volume,  M{H)  the  change  of  mag¬ 
netization  with  time,  and  Hj  the  fluctuation  field.  If  we  con¬ 
sider  two  time-dependence  measurements  of  M,  separated  by 
an  interval  of  applied  field  A//,  then  Eq.  (1)  may  be  rewrit¬ 
ten  as 


Hf= — ^ - r- 

’  InA/i-lnA/z 


M 


(2) 


where  and  M2  are  the  slopes  of  the  time-dependent  mag¬ 
netization  at  some  constant  value  of  magnetization  M.  It  can 
be  seen  from  Eq.  (2)  that  if  there  is  a  large  change  in  the 
time-dependent  behavior  induced  by  the  change  in  applied 
field  A//,  then  the  fluctuation  field  will  decrease,  conversely 
small  changes  in  the  time  dependence  with  increasing  H  will 
be  reflected  in  an  increase  in  the  fluctuation  field.  Measure¬ 
ments  were  made  with  A//  in  the  range  10-15  Oe  and  the 
slopes  of  the  curves  were  evaluated  at  A/=0,  i.e.,  the  coer¬ 
cive  point,  so  as  to  negate  the  effects  of  demagnetizing  fields. 
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FIG.  1.  Time-dependence  data  from  the  32  bi  .n  obtained  at  various 
applied  fields. 


III.  RESULTS 

The  coercivity  is  found  to  decrease  as  the  number  of 
bilayers  increases.  Conversely,  the  magnetization  increases 
with  the  number  of  bilayers  although  it  is  fairly  constant  for 
14  or  more  bilayers.  The  hysteresis  loops  for  these  films  are 
square  for  the  samples  with  less  than  20  bilayers.  As  the 
number  of  bilayers  increases  above  20  the  hysteresis  loop 
becomes  rounded  and  the  switching  field  distribution  in¬ 
creases.  This  behavior  is  attributed  to  the  existance  of  the 
two  critical  fields  discussed  above. 

Time-dependence  measurements  were  made  at  fields  be¬ 
low  the  coercivity  values  obtained  from  the  hysteresis  loops. 
As  the  hysteresis  loop  coercivity  was  approached  the  time 
dependence  became  too  rapid  to  measure  accurately.  Over 
the  measuring  period  a  wide  range  of  applied  fields  below 
the  hysteresis  loop  coercivity  was  found  to  produce  reversal 
of  the  magnetisation.  Figure  1  shows  some  of  the  data  col¬ 
lected  from  the  32  bilayer  film;  there  is  an  applied  field  range 
of  250  Oe  in  which  the  magnetization  reaches  zero.  The  time 
dependence  is  approximately  linear  with  time  around  A/ =0, 
which  is  where  the  slopes  used  to  calculate  the  fluctuation 
fields  were  evaluated.  Also,  at  this  point  the  overall  demag¬ 
netizing  field  is  zero,  the  thin  nature  of  these  films  means 
that  at  any  other  value  of  M  the  demagnetizing  field  is  large 
and  changing  as  M  changes  with  time. 

Upon  evaluation  of  the  fluctuation  fields  two  trends  be¬ 
come  apparant.  For  films  with  less  than  20  bilayers  the  fluc¬ 
tuation  field  decreases  with  increasing  applied  field.  This  im¬ 
plies  that  as  the  field  is  increased  and  reverse  domains  are 
nucleated,  they  quickly  expand,  causing  an  increase  in  the 
slope  of  the  time-dependence  curve.  This  arises  because  the 
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FIG.  2.  Activation  volumes  and  nucleation  areas  for  the  series  of  films. 


nucleation  field  is  greater  than  the  domain-wall  critical  field. 
Where  we  have  films  with  more  than  20  bilayers  the  fluctua¬ 
tion  field  increases  with  applied  field.  This  kind  of  behavior 
may  be  associated  with  pinning  of  the  movement  of  the 
nucleated  domain  walls,  slowing  down  the  time-dependent 
change  of  M  which  is  due  to  thermal  activation  of  the  do¬ 
main  walls  allowing  them  to  pass  the  pinning  sites. 

From  Eq.  (1)  the  activation  volume  is  inversely  propor¬ 
tional  to  the  fluctuation  field  so  the  activation  volume  in¬ 
creases  with  applied  field  for  films  with  less  than  20  bilayers 
and  decreases  with  applied  field  for  thicker  films.  The  aver¬ 
age  values  of  the  activation  volumes  show  an  increase  as  the 
films  become  thicker.  This  data  is  shown  in  Fig.  2  along  with 
the  calculated  values  of  the  minimum  domain  nucleation 
area  for  each  multilayer.  We  see  that  the  minimum  area  de¬ 
creases  with  increasing  number  of  bilayers.  If  we  assume  that 
these  volumes  and  areas  may  be  related  to  the  physical  sizes 
of  domains  in  these  films  then  we  can  say  that  the  average 
diameter  of  a  circular  domain  in  a  film  with  6  bilayers  will 
be  24  nm  and  in  a  film  with  32  bilayers  it  will  be  12  nm. 

The  differentials  of  the  IRM  curves  show  the  irreversible 
susceptibility  A'irr(-^)  which  is  the  energy  banier  distribution 
of  the  pinning  sites  while  the  DCD  differentials  XmW  show 
where  nucleation  from  the  saturated  state  occurs.  These 
curves  represent  the  energy  barrier  distribution  and  show  that 
for  films  with  less  than  20  bilayers  the  IRM  differential  curve 
falls  almost  entirely  to  the  left-hand  side  of  the  DCD  differ¬ 
ential,  i.e.,  the  domain-wall  energy  barrier  distribution  falls 
at  field  values  less  than  the  nucleation  field  distibution. 
Hence,  once  domains  nucleate  they  can  sweep  unimpeded 
through  the  sample  resulting  in  a  very  square  hysteresis  loop. 
Figure  3  shows  the  two  differentials  for  a  sample  with  14 
bilayers.  Shown  in  Fig.  4  are  the  same  two  curves  but  for  a 
sample  with  28  bilayers  from  which  it  is  clear  that  not  all  of 
the  barriers  to  domain-wall  motion  have  been  passed  by  the 
time  reverse  domains  begin  to  appear;  this  results  in  pinning 
of  the  domain  walls  and  a  reduction  in  hysteresis  loop 
squareness.  This  also  leads  to  the  production  of  smaller  do¬ 
mains  as  we  reported  previously.* 


O'Grady  ef  a/. 


FIG.  3.  IRM  and  DCD  differentials  for  the  14  bilayer  sample. 

The  behavior  we  have  observed  here  is  similar  to  that 
seen  in  MnBi  films  by  Dekker  and  Huijer.'*  As  the  film  thick¬ 
ness  decreases  the  nucleation  field  increases.  This  may  be 
explained  by  assuming  that  domain  walls  are  always  present 
in  the  film,  even  in  the  saturated  state.  These  are  known  as 


FIG.  4.  IRM  and  DCO  differentials  for  the  28  bilayer  samp'e. 


vestigial  domains.  As  the  film  thickness  increases  the  mag¬ 
netostatic  pressure  on  the  domain  walls  increases.  The  nucle¬ 
ation  field  may  now  be  defined  as  the  field  at  which  the 
domain  walls  become  unstable  and  run  out  to  form  observ¬ 
able  domains.  Calculations  by  Cape  and  Lehman^  suggest 
that  the  abrupt  reversal  of  magnetization  seen  here  could  be 
attributed  to  cylindrical  vestigial  domains  as  opposed  to  ves¬ 
tigial  stripe  domains.  The  calculations  of  Dekker  and  Huijer 
predict  that  below  a  certain  film  thickness  the  nucleation 
field  will  exceed  the  coercive  field. 

IV.  DISCUSSION  AND  CONCLUSIONS 

In  this  article  we  have  shown  that  the  reversal  process  in 
Tb/Fe  multilayers  is  controlled  by  the  relative  values  of  the 
domain-wall  and  nucleation  critical  fields.  We  have  also 
shown  that  remanence  curves  may  be  used  to  examine  the 
distribution  of  these  fields.  The  decrease  of  the  nucleation 
critical  field  with  increasing  number  of  bilayers  could  be  a 
consequence  of  the  minimum  area  which  nucleates  a  reverse 
domain  also  decreasing  with  increased  film  thickness  thus 
increasing  the  number  of  possible  nucleation  sites.  We  have 
seen  that  the  minimum  area  which  may  nucleate  a  reverse 
domain  is  about  1/3  the  size,  at  32  bilayers,  of  the  area  at  10 
bilayers.  However,  those  domains  which  do  nucleate  at  lower 
reverse  fields  do  not  have  sufficient  energy,  during  the  time 
scale  of  the  measurements,  to  pass  the  pinning  sites. 

For  magneto-optic  recording  applications  it  should  be 
advantageous  to  have  stable  domains  (i.e.,  with  pinned  walls) 
which  increase  the  SNR  performance  of  the  films.  Domains 
nucleated  in  a  film  with  a  highly  square  hysteresis  loop  may 
run  out  over  a  large  area  due  to  the  lack  of  impediments  to 
wall  motion.  Also,  the  potential  storage  density  should  be 
increased  in  films  with  more  than  20  bilayers  since  we  have 
shown  that  reverse  domains  may  be  smaller  than  in  thinner 
films.  Thus,  despite  the  reduced  coercivity  of  the  thicker 
films  they  are  the  more  suitable  for  long-term  data  storage. 
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Domain  size  changes  due  to  thermal  relaxation  after  high  laser  power  irradiation  on  amorphous 
TbFeCo  films  were  studied.  In  order  to  achieve  mark  edge  recording  for  high-density 
magneto-optical  memory,  accurate  domain  size  recording  is  required  even  after  a  million  erase/write 
cycles.  Highly  accelerated  erase/write  test  was  performed  on  typical  recording  media,  rare-earth 
(RE)  -rich  and  transition-metal  (TM)  -rich  disks.  The  elongation  of  the  domain  size  written  on  the 
TM-rich  film  after  erase/write  cycles  was  clearly  evident;  however,  the  change  in  the  domain  size 
of  RE-rich  films  was  small.  The  small  domain  size  change  of  the  RE-rich  disk  can  be  explained  in 
terms  of  the  rapid  increase  in  the  coercive  force  with  decreasing  temperature  and  the  smaller 


domain-wall  driving  force  at  recording  temperature 
both  have  the  same  level  of  structural  relaxation. 


I.  INTRODUCTION 

Mark  edge  recording  can  achieve  significantly  higher 
magneto-optical  (MO)  recording  densities  than  the  conven¬ 
tional  mark  position  recording.*  In  this  method,  precise  con¬ 
trol  of  the  recording  mark  shape  on  a  magneto-optical  disk 
must  be  achieved  even  after  a  million  cycles  of  data  writing 
and  erasing.  However,  it  is  expected  that  the  domain  size 
expands  with  increasing  erase/write  cycles,  because  erase/ 
write  cycles  cause  reduction  of  the  perpendicular  anisotropy 
energy  of  the  amorphous  TbFeCo  due  to  structural 
relaxation.^  In  order  to  successfully  achieve  mark  edge  re¬ 
cording,  a  material  with  minimal  change  in  mark  edge  and 
width  must  be  explored. 

In  this  article  two  typical  MO  media,  such  as  rare-earth 
(RE)  -rich  and  transition-metal  (TM)  -rich  TbFeCo  disks, 
were  studied  in  terms  of  erase/write  cyclability  for  mark 
edge  recording. 


II.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

RE-  and  TM-rich  disk  having  the  same  thermal  structure 
(identical  layer  thickness  and  structure)  were  prepared  by 
magnetron  sputtering.  The  construction  of  the  disks  is  in¬ 
cluded  in  Fig.  1(a).  Details  of  the  erase/write  cycle  test  are 
summarized  in  Table  I.  To  carry  out  the  erase/write  cycles  in 
a  shorter  amount  of  time,  a  higher  laser  power  (11.0  mW) 
and  reduced  number  of  cycles  (max  10^')  than  normal  (6.5 
mW,  10®  cycles)  were  used. 

The  temperature  dependence  of  saturation  magnetization 
A/j  and  coercive  force  H^  of  RE-rich  and  TM-rich  films  is 
shown  in  Figs.  1(a)  and  1(b).  These  data  show  typical  mag¬ 
netic  properties  of  the  RE-  and  TM-rich  film.  ITie  Curie  tem¬ 
perature  of  the  TM-rich  disk  is  higher  than  that  of  the 
RE-rich  disk.  It  is  known  that  if  RE-  and  TM-rich  disks  have 
the  same  and  thermal  structure,  the  domain  size  of  the 
RE-rich  disk  is  smaller  than  that  of  the  I’M-rich  disk  under 
the  same  writing  condition.^  From  this  result,  it  is  expected 
that  domains  of  the  same  size  can  be  written  on  both  TM- 
and  RE-rich  disks  provided  that  is  higher  for  the  TM-rich 


than  those  for  the  TM-rich  disk,  even  though 


film.  RE-  and  TM-rich  disks  shown  in  Fig.  1  were  found  to 
provide  the  same  domain  size  under  the  same  writing  condi¬ 
tion. 

The  most  dense  recording  pattern  before  and  after  erase/ 
write  cycles  must  be  investigated  because  these  patterns  are 
most  severe  for  mark  edge  recording.  Here,  the  writing  do¬ 
main  length  and  liie  gap  length  are  both  0.75  yam.  After  2000 
erase/write  cycles  by  using  a  highly  accelerated  erase  power 
of  11.0  mW,  the  carrier-to-noise  ratio  (C/N)  of  the  RE-rich 
disk  did  not  decrease;  however,  that  of  the  TM-rich  disk 
decreased  rapidly,  i.e.,  the  C/N  value  reduces  to  43  dB  from 
an  initial  value  of  53  dB. 

In  order  to  investigate  this  difference  in  the  change  of 
C/N,  the  recorded  domain  size  of  both  disks  before  and  after 


FIG.  1.  Temperature  dependence  of  (a)  and  (b)  M,  of  RE-  and  TM-rich 
films.  Details  of  the  construction  of  the  disks  is  included  in  (a). 
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TABLE  I.  Detail  of  the  erase/write  cycle  test. 


1.5 


/accelerated  erase  power 

11.0  mW 

(nominal  erase  power) 

(6.5  mW) 

Applied  field 

600  Oe 

Linear  velocity  of  the  disk 

9.4  m/s 

Laser  wavelength 

780  nm 

Lens  numerical  aperture 

0.55 

Reading  power 

1.5  mW 

2000  erase/write  cycles  was  observed  by  polarized  micros¬ 
copy.  To  facilitate  the  observation  of  the  change  in  domain 
size  after  erase/write  cycles,  larger  domain  length  (2.8  fim) 
and  gap  (2.1  fim)  were  prepared.  The  results  are  shown  in 
Fig.  2.  The  domain  position  of  both  disks  does  not  change 
before  and  after  erase/write  cycles.  The  domain  size  of  the 
TM-rich  film  is  elongated  compared  with  that  of  the  RE-rich 
film  after  2000  eraseAvrite  cycles.  It  is  found  that  the  degra¬ 
dation  of  C/N  in  the  TM-rich  disk  can  be  explained  by  wave¬ 
form  interference  due  to  the  elongated  domain. 

The  domain  length  after  erase/write  cycles  was  evalu¬ 
ated  by  the  half-width  of  the  wave  form  of  the  readout  signal 
(Fig.  3).  Here,  the  interval  between  the  most  dense  recording 
marks  was  long  enough  to  prevent  from  wave-form  interfer¬ 
ence.  The  domain  length  of  the  TM-rich  film  increases  with 
increasing  erase/write  cycles.  On  the  other  hand,  the  domain 
length  of  the  RE-rich  film  does  not  so  change. 

When  a  domain  size  (length  and  width)  changes  along 
with  erase/write  cycles,  the  center  of  the  domain  does  not 
move  so  that  influence  of  the  domain  size  change  is  small  in 
the  case  of  mark  position  recording.  However,  in  case  of 
mark  edge  recording,  domain  size  change  directly  causes 
edge  shift  in  the  readout  wave  form.  Therefore,  mark  edge 
recording  is  more  severe  than  mark  position  recording  in 
terms  of  erase/write  cycles. 

As  shown  in  Fig.  2(a)  with  the  TM-rich  disk,  the  domain 
edge  at  the  central  part  of  the  track  is  pailicularly  elongated, 
because  the  temperature  of  the  film  at  the  central  part  of  the 
laser  spot  tends  to  be  high.  The  ratio  of  the  power  change  to 
write  a  stripe  domain  of  0.4  ;im  width  is  shown  in  Fig.  4. 
This  figure  shows  writing  sensitivity  change  at  the  central 
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FIG.  3.  Dependence  of  the  domain  length  of  RE-  and  TM-rich  disks  as  a 
function  of  the  number  of  erase/write  cycles. 


part  of  the  track.  It  was  found  that  the  ratio  aPJP„  of  the 
writing  power  change  ifie  RE-rich  disk  is  smaller 

than  that  of  the  TM-rich  disk.  For  example,  after  2000  erase/ 
write  cycles,  APJP^  of  RE-  and  TM-rich  disks  decreased 
by  12%  and  37%,  respectively. 

Compared  with  TM-rich  disks,  the  domain  length  and 
width  of  the  RE-rich  disk  is  very  stable  even  after  erase/write 
cycles.  Therefore,  in  terms  of  write/erase  cyclability,  the  RE- 
rich  TbFeCo  recording  material  is  suitable  for  mark  edge 
recording.  These  results  are  consistent  with  the  earlier  mea¬ 
surements  confirming  the  ability  of  RE-rich  media  to  with¬ 
stand  10^  erase/write  cycles.''  2  Gbit  capacity  in  a  5.25-in.- 
diam  disk  was  achieved  with  mark  edge  recording  MO  by 
using  the  RE-rich  film.'* 


III.  DISCUSSION 

The  stability  of  domain  size  was  expressed  by  Huth,^ 


2rMs 


1  dCT^y 

2A7^'ir’ 


(1) 


where  Hc,Ha,  and  are  the  coercive  force,  applied  field, 
and  demagnetization  field,  respectively.  A/j  is  the  saturation 
magnetization,  is  the  domain-wall  energy,  r  is  the  domain 
radius.  The  entire  right-hand  side  of  Eq.  (1)  corresponds  to 
the  wall  driving  force  and  is  called  .  Domain  size  is 
determined  at  the  point  where  balances  //,o,ai . 

Degradation  of  and  with  erase  cycles  has  been 
thought  to  originate  from  structural  relaxation  in  amorphous 


FIG.  2.  Recorded  domain  shape  for  (a)  RE-  and  (b)  TM-rich  disks  before 

and  after  2000  erase/write  cycles.  FIG.  4.  Dependence  of  the  normalized  writing  power  vs  erase/write  cycles. 
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Domain  radius  (fim) 

FIG.  5.  Functional  dependence  of  and  on  the  domain  radius  cal¬ 
culated  on  the  basis  of  Eq,  (1).  Initial  and  final  (after  crase/write  cycles) 
curves  are  shown.  Here,  film  temperature  increases  with  decreasing  radius. 

TbFeCo.^'*  On  the  other  hand,  Mj  is  independent  of  the 
structural  relaxation.®  Based  on  the  initial  dependence  of  //^ 
and  //total  of  the  film  on  the  domain  radius,^  a  semiquantative 
discussion  of  the  force  balance  of  and  //(otsi  after  erase/ 
write  cycles  can  be  constructed  (Fig.  5).  Here  and  cr,,, 
were  assumed  to  degrade  by  50%  and  30%,  respectively, 
because  (r^^,  is  proportional  to  square  root  of  //<. .  Moreover,  it 
was  assumed  that  RE-  and  TM-rich  films  have  the  same  level 
of  structural  relaxation.  The  intersection  points,  1  (RE-rich 
film)  and  3  (TM-rich  film),  correspond  to  the  initial  domain 
size.  After  erase/write  cycles,  decreases  and  in¬ 
creases  and  then  the  intersection  points,  1  in  RE-rich  and  3  in 


TM-rich  films,  move  to  2  and  4,  respectively.  The  elongated 
domain  length  is  shown  by  the  hatched  area.  The  area  of 
RE-rich  film  is  much  smaller  than  that  of  the  TM-rich  one. 
This  is  due  to  the  rapid  increase  in  //<.  with  decreasing  tenfi- 
perature  and  the  smaller  domain-wall  driving  force  at  the 
recording  temperature  for  the  TM-rich  film.  Thus,  better  cy- 
clability  of  the  RE-rich  disk  can  be  explained. 

IV.  CONCLUSIONS 

Domain  size  change  of  typical  two  different  TbFeCo  me¬ 
dia,  RE  and  TM  rich,  before  and  after  erase/write  cycles  was 
studied  for  mark  edge  recording.  The  domain  length  and 
width  of  the  TM-rich  disk  were  found  to  be  elongated  with 
increasing  erase/write  cycles,  while  that  of  the  RE-rich  film 
does  not  change  that  much.  The  small  domain  size  change  of 
the  RE-rich  disk  can  be  explained  in  terms  of  the  rapid  in¬ 
crease  in  the  coercive  force  with  decreasing  temperature  and 
smaller  dbmain-wall  driving  force  at  recording  temperature 
than  those  for  the  TM-rich  film,  even  though  both  have  the 
same  level  of  structural  relaxation.  2  Gbit  capacity  on  a  5.25- 
in.-diam  disk  was  achieved  with  mark  edge  MO  recording  by 
using  the  RE-rich  film.  A  RE-rich  film  is  the  key  to  achieving 
much  higher-density  MO  than  with  a  2  Gbit/5.2S  in.  disk 
with  mark  edge  recording  in  the  future  as  well. 
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Recording  characteristics  of  Kr-sputtered  Tb/FeCo  muitiiayer  magneto- 
opticai  disks 
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Recording  magnetic-field  sensitivity  and  readout  stability  for  Tb/FeCo  multilayer  magneto-optical 
(MO)  disks,  made  by  sputtering  with  Kr  and  Ar  gas,  were  studied.  The  100  Oe  recording 
magnetic-field  sensitivity  for  Kr  disks  was  obtained.  The  readout  stability  for  Kr  disk  is  superior  to 
that  for  Ar  disk.  It  seems  that  high  readout  stability  for  Kr  disks  is  caused  by  the  large  wall 
coercivity  and  the  large  ratio  of  wall  coercivity  to  nucleation  coercivity. 


High  recording  magnetic-field  sensitivity  is  necessary 
for  a  magnetic-field  modulation  method.  There  are  many 
ways  improving  the  recording  magnetic-field  sensitivity, 
such  as  adding  a  capping  layer  (a  capping  layer  disk),’  add¬ 
ing  a  GdFeCo  layer  (a  five-layer  disk),^  and  varying  a  disk 
preparation  condition.^"*  However,  a  disk  structure  for  the 
capping  layer  disk  or  the  five-layer  disk  is  more  complex 
than  conventiona'  disks.  Readout  stability  is  important  for  a 
disk  reliability.  The  readout  stability  is  concerned  with  the 
high  recording  magnetic-field  sensitivity.  The  readout  stabil¬ 
ity  is  inferior  when  the  SiN  underlayer  etching  is  carried  out 
in  order  to  improve  the  magnetic-field  sensitivity.^  It  is  im¬ 
portant  to  find  an  appropriate  method  with  both  high 
magnetic-field  sensitivity  and  high  readout  stability. 

It  is  considered  that  wall  coercivity  and  nucleation  coer¬ 
civity  affect  the  recording  magnetic-field  sensitivity  and 
readout  stability.  These  characteristics  are  influenced  by  the 
microstructure  of  a  magnetic  film.®  The  authors  reported  that 
perpendicular  magnetic  anisotropy  of  Tb/FeCo  multilayers 
(Kr  film),  prepared  by  cosputtering  with  Kr  gas,  was  larger 
than  that  of  Tb/FeCo  multilayers,  prepared  by  cosputtering 
with  Ar  gas  (Ar  film)^  and  that  the  magnetic  anisotropy  im¬ 
provement  for  Kr  film  originates  from  a  low-anisotropy 
dispersion.®  It  is  shown  that  the  microstructure  for  Kr  film  is 
different  from  that  for  Ar  film.  In  this  article  recording  char¬ 
acteristics  of  Kr  disks  are  studied  from  the  recording 
magnetic-field  sensitivity  and  readout  stability  viewpoint. 

Magneto-optical  (MO)  disks  utilized  a  four-layer  struc¬ 
ture  that  comprised  a  first  SiN  layer  (1000  A  thick),  a  Tb/ 
FeCo  magnetic  multilayer  (200  A  thick),  a  second  SiN  layer 
(400  A  thick),  and  an  A1  layer  (400  A  thick).  A  polycarbon¬ 
ate  (PC)  substrate  (1.6  /xm  track  pitch)  was  used.  SiN  layers 
were  prepared  by  reactive  rf  sputtering  with  Ar+N2  gas.  The 
A1  layer  was  prepared  by  vapor  deposition.  To/FeCo  multi¬ 
layers  were  prepared  by  dc  magnetron  cosputtering  alter¬ 
nately  from  Tb  and  Fe9oCoio  alloy  targets.  Two  series  of 
disks  with  different  sputtering  gases  were  prepared.  One  had 
a  Tb/FeCo  multilayer  prepared  by  dc  cosputtering  with  Kr 
gas  (Kr  disks).  The  others  had  a  Tb/FeCo  multilayer  pre¬ 
pared  by  dc  co.sputtering  with  Ar  gas  (Ar  disks).  Ar  disks 
were  prepared  in  order  to  compare  with  Kr  disks.  The  layer 
thickness  of  Tb  was  6.4  A  and  that  of  FeC  j  was  varied  from 
8.3  to  10  A.  The  substrate  table  was  rotated  at  20  rpm  and 
the  sputtering  rate  was  selected  to  keep  the  same  value  at  Ar 


and  Kr  sputtering.  During  deposition,  the  sputtering  gas  pres¬ 
sure  was  kept  constant  at  8x10“^  Pa.  Recording  character¬ 
istics  were  measured  with  the  read/write  tester  (\=830  nm, 
numerical  aperture =0.50)  at  3.7  MHz  (duty  50%)  recording 
frequency  and  11.1  m/s  linear  velocity.  Wall  coercivity  and 
nucleation  coercivity  (coercive  force)  were  determined  from 
the  Kerr  hysteresis  loop  for  the  as-deposited  film  onto  PC 
substrates  at  room  temperature.^ 

Figure  1  shows  the  recording  magnetic-field  dependence 
of  carrier  and  noise  level  on  the  Kr  disks.  Both  “land”  and 
“groove”  were  erased  to  the  same  direction,  before  the  re¬ 
cording  had  been  carried  out.  The  recording  power,  minimiz¬ 
ing  the  ratio  of  second-harmonics  level  to  carrier  level,  was 
ranged  from  8.5  to  9.0  mW.  The  erasing  magnetic  field  was 
-400  Oe  and  the  readout  power  was  1.0  mW.  Over  400  and 
over  100  Oe  recording  magnetic  field  were  required  for  noise 
saturation  in  the  Kr  disk  with  8.3-A-layer  FeCo  thick  and  in 
Kr  disk  with  9.6-A-thick  FeCo  layer,  respectively.  That  is, 
the  FeCo  layer  thickness  affected  the  recording  magnetic- 
field  saturated  noise  level. 

Figure  2  shows  the  recording  magnetic-field  dependence 
of  carrier  and  noise  level  on  the  Ar  disks.  The  recording 
power,  minimizing  the  ratio  of  the  second-harmonics  level  to 
carrier  level,  was  ranged  from  7.5  to  8.0  mW.  The  other 


FIG.  1.  Recording  magnetic-field  dependence  of  earner  and  noise  level  on 
Kr  disks.  Open  symbols  indicate  carrier  level,  and  solid  ones  indicate  noise 
level.  Read  power=1.0  mW,  resolution  bandwidlh=30  kHz. 
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FIG.  2.  Recording  magnetic-field  dependence  of  carrier  and  noise  level  on 
Ar  disks.  Open  symbols  indicate  carrier  level,  and  solid  ones  indicate  noise 
level.  Read  power=1.0  mW,  resolution  bandwidth=30  kHz. 


FIG.  4.  Irradiation  laser  power  dependence  of  carrier  and  noise  level  on  Ar 
and  Kr  disks.  00:  dFeCo=9.0  A;  A  A:  dFeCo=9.3  A;  </FeCo=10.0 
A;  OAr  Kr  disk,  dFeCo=9.6  A.  Read  power=1.0  mW,  resolution 
bandwidth=30  kHz. 


measurement  condition  was  the  same  as  the  Kr-disk  mea¬ 
surement.  Recording  magnetic-field  values,  required  for 
noise  saturation,  were  similar  for  all  Ar  disks. 

We  defined  recording  magnetic-field  sensitivity  as  a 
minimum  magnetic-field  saturating  both  carrier  and  noise 
level.  Figure  3  shows  the  FeCo  layer  thickness  dependence 
of  the  recording  magnetic-field  sensitivity  for  Kr  and  Ar 
disks.  High  recording  magnetic-field  sensitivity  of  100  Oe 
was  obtained  at  the  9.6  A  FeCo  layer  thickness  for  Kr  disks. 
The  recording  magnetic-field  sensitivities  for  the  Ar  disks 
were  higher  than  those  for  the  Kr  disks.  However,  the  highest 
recording  magnetic-field  sensitivity  for  the  Kr  disk  was  100 
Oe  and  was  the  same  as  that  for  the  Ar  disks.  The  Ar  disks 
had  a  large  margin  for  high  recording  magnetic-field  sensi¬ 
tivity  as  compared  with  Kr  disks.  It  was  found  that  sputtering 
gas  preparation  for  the  magnetic  layer  affects  the  magnetic- 
field  sensitivity. 

Satoh  et  al.  reported  that  the  recording  magnetic-field 
sensitivity  had  a  tradeoff  with  relevance  to  readout  stability.^ 
Readout  stability  for  Ar  and  Kr-disks  was  measured.  Figure  4 


FIG.  3.  FeCo  layer  thickness  dependence  of  recording  magnetic-field 
sensitivity. 
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FIG.  5.  Irradiation  time  dependence  of  carrier  and  noise  level:  (a)  Kr  disk, 
dFcCo=9.6  A;  (b)  Ar  disk,  r/FeCo=9.3  A. 
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TABLE  I.  Wall  coercivity  for  Kr  and  Ar  disks  at  room  temperature. 


FeCo  layer 


thickness  (A) 

8.3 

9.0 

9.3 

9.6 

10.0 

Kr  disk  (kOe) 

>20 

9.0 

9.6 

.9.6 

5.4 

Ar  disk  (kOe) 

6.9 

3.0 

10.8 

6.0 

4.8 

shows  the  irradiation  laser  power  dependence  of  carrier  and 
noise  level  on  Ar  disks  having  100  Oe  recording  magnetic- 
field  sensitivity,  whose  FeCo  layer  thicknesses  were  9.0  A 
(disk  no.  1),  9.3  A  (disk  no.  2),  and  10.0  A  (disk  no.  3). 
Furthermore,  Fig.  4  shows  the  irradiation  laser  power  depen¬ 
dence  of  carrier  and  noise  level  for  the  Kr  disk  with  9.6  A 
FeCo  layer  (disk  no.  4).  The  recording  was  carried  out  at  400 
Oe.  The  recording  laser  power  was  7.5  mW.  Then,  the  laser 
beam  was  irradiated  with  the  400  Oe  magnetic-field  applied 
in  the  erasing  direction  for  3  min.  The  readout  laser  power 
was  1.0  mW.  Carrier  levels  did  not  change  for  less  than  3.0 
mW  irradiation  laser  power.  The  carrier  levels  drastically  de¬ 
creased  over  3.0  mW  irradiation  for  disks  no.  1  and  no.  3, 
Over  4.0  mW  power  was  required  for  complete  erasure.  On 
the  other  hand,  carrier  level  for  disk  no.  2  did  not  change  at 
3.0  mW  inadiation  power.  Increase  in  noise  level  for  disk  no. 
2  was  smaller  than  that  for  the  other.  Therefore,  disk  no.  2 
had  the  highest  readout  stability  in  these  three  Ar  disks.  A 
comparison  of  readout  stability  between  Kr  and  Ar  disks  was 
carried  out.  The  recording  magnetic-field  sensitivity  for  disk 
no,  4  had  the  highest  recording  magnetic-field  sensitivity  and 
its  value  was  100  Oe.  Recording  laser  power  was  9.0  mW. 
The  other  measurement  conditions  were  the  same  as  for  the 
above  measurement.  The  Carrier  level  was  constant  up  to  4.5 
mW  irradiation  power.  The  readout  stability  for  disk  no.  4 
(Kr  disk)  was  more  stable  than  that  for  disk  no.  2  (Ar  disk). 

Figures  5(a)  and  5(b)  show  the  irradiation  time  depen¬ 
dence  of  carrier  and  noise  levels  for  disk  no.  4  (Kr  disk)  and 
disk  no.  2  (Ar  disk),  respectively.  The  laser  beam  v/as  irra¬ 
diated  with  the  400  Oe  magnetic  field  applied  in  the  erasing 
direction.  Irradiation  laser  power  was  3.0  and  3.6  mW.  The 
readout  laser  power  was  1.0  mW.  The  noise  level  increased 
greatly  through  increasing  the  irradiation  power  and  the  ina¬ 
diation  time.  Increase  in  noise  level  occuned  at  an  initial 
irradiation  time.  Carrier  level  for  disk  no.  2  was  decreased 
with  increasing  the  irradiation  stage,  only  when  the  irradia¬ 
tion  power  was  3.6  mW.  Decrease  in  canier  level  for  disk  no. 
4  was  not  observed.  Increase  in  noise  level  for  Kr  disk  at  the 
3.6  mW  inadiation  power  was  smaller  than  that  for  disk  no. 
2  at  the  3.0  mW  inadiation  power.  Therefore,  readout  stabil¬ 
ity  for  disk  no.  4  (Kr  disk)  is  superior  to  that  for  disk  no.  2 
(At  disk).  Both  high  recording  magnetic-field  sensitivity  and 
high-readout  stability  were  obtained  by  Kr  gas  sputtering. 

It  was  reported  that  large  wall  coercivity  was  the  key 
factor  in  achieving  stable  domains.^  and  nucleation  coer- 


TABLE II.  The  ratio  of  wall  coercivity  to  nucleation  coercivity. 


FeCo  layer  thickness  (A)  8.3  9.0  9.3  9.6 


Krdisk  -  0.67  0.70  0.63  0.61 

Ar  disk  0.39  0.57  0.53  0.65  0.54 


civity  H„  were  examined  in  order  to  clarify  a  relationship 
among  the  readout  stability,  value,  and  value.  Table  1 
shows  at  room  temperature  for  Kr  and  Ar  disks.  Table  II 
shows  the  ratio  of  to  H„ ,  HJH„ .  The  authors  find  that 
high-readout  stability  for  Kr  disk  cannot  be  explained  by 
“only”  the  value.  The  value  for  the  Ar  disk  with  9.3 
A  FeCo  layer  thick  (disk  no.  2)  was  the  largest  in  all  Ar 
disks.  However,  the  readout  stability  for  the  Ar  disk  with  an 
fi.3  A  FeCo  layer  (disk  no.  5)  was  almost  the  same  as  that  for 
the  Ar  disk  with  a  9.0  A  FeCo  layer  (disk  no.  1)  in  spite  of 
the  large  difference  of  Hh,  .  Furthermore,  the  value  for 
the  Kr  disk  with  9.6-A-thick  FeCo  layer  (disk  no.  4),  whose 
read  stability  is  superior  to  that  for  Ar  disk,  was  smaller  than 
that  for  disk  no.  2. 

The  HJH„  value  for  disk  no.  4  (Kr  disks)  was  larger 
than  for  Ar  disks  (disks  no.  1,  no.  2,  no.  3,  and  no.  5),  except 
9.6-A-thick  FeCo  layer  samples.  Moreover,  the  HJH„  value 
for  disk  no.  1  was  larger  than  that  for  disk  no.  5.  TTius,  it 
seems  that  high  readout  stability  for  Kr  disks  is  caused  by  the 
large  wall  coercivity  and  the  large  ratio  of  wall  coercivity  to 
nucleation  coercivity. 

In  conclusion,  recording  magnetic-field  sensitivity  for 
Tb/FeCo  multilayer  MO  disks  by  sputtering  with  Kr  and  Ar 
gas  was  studied.  It  was  found  that  sputtering  gas  preparation 
for  the  magnetic  layer  affects  the  magnetic-field  sensitivity. 
The  100  Oe  recording  magnetic-field  sensitivity  for  Kr  disks 
was  obtained.  Readout  stability  for  the  Kr  disk  was  superior 
to  that  for  the  Ar  disk.  Both  high  recording  magnetic-field 
sensitivity  and  high-readout  stability  were  achieved  by  Kr 
gas  sputtering.  It  seems  that  high-readout  stability  for  Kr 
disks  is  caused  by  the  large  wall  coercivity  and  the  large  ratio 
of  wall  coercivity  to  nucleation  coercivity. 
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TVo  magneto-optic  media  configurations  are  discussed  that  are  suitable  for  direct  overwrite  by  light 
iiitensity  modulation  using  only  one  conventional  bias  magnet.  One  configuration  consists  of  two 
magnetic  layers  (memory  and  reference  having  perpendicular  anisotropy)  exchange  coupled  through 
an  intermediate  soft  magnetic  layer.  The  second  media  configuration  consists  of  only  a  memory 
layer  and  an  intermediate  layer.  This  scheme  produced  a  respectable  direct  overwrite  performance 
of  48  dB  using  a  3.5  fim  mark  size,  30  kHz  bandwidth,  and  7  m/s  disk  velocity.  The  major 
advantages  of  this  scheme  are  simpler  disk  structures  relative  to  a  previously  proposed  quadrilayer 
scheme,  and  a  wide  range  for  Curie  temperatures,  thicknesses,  and  coercivities  of  the  individual 
layers. 


Direct  overwrite  (DOW)  is  vital  for  the  new  generation 
magneto-optic  (MO)  disk  drives  to  achieve  shorter  access 
time  and  higher  data  rate.  In  recent  years,  substantial  efforts 
have  been  directed  to  the  development  of  an  efficient  and 
practical  method  for  achieving  direct  overwrite  on  MO  me¬ 
dia.  Following  the  limited  success  of  DOW  in  a  single-layer 
medium,  schemes  have  been  investigated  based  on  both 
magnetic-field  modulation  and  light  intensity  modulation.’’’ 
Schemes  based  on  light  intensity  modulation  of  the  laser 
beam  utilize  multilayer  media  configurations  and  eliminate 
the  field  s.'^itching  required  jii  magnetic-field  modulation, 
Some  of  these  sciiciiies  have  shown  great  promise,  however, 
a  large  initializing  magnetic  field  increases  the  complexity  of 
the  drive  design  and  affects  the  stability  of  the  written  marks. 
The  initializing  field  has  been  eliminated  in  recent  direct 
overwrite  schemes;'*"’  however,  only  the  quadrilayer  scheme 
proposed  by  Fukami  et  al.  produced  a  respectable 
performance.*’  However,  it  is  difficult  to  produce  this  scheme 
in  large-scale  manufacturing  due  to  extreme  constraints  im¬ 
posed  on  the  large  number  of  parameters  of  each  layer.  Fur¬ 
ther,  defect  density  as  well  as  the  bit  error  rate  increase  tre¬ 
mendously  as  the  number  of  layers  increases  in  a  disk 
structure.  Therefore,  a  most  desirable  scheme  that  is  manu¬ 
facturable  should  have  a  simple  disk  structure,  wide  power 
margins,  high  writing  sensitivity,  and  not  require  an  IM.  In 
this  article  we  report  a  new  type  of  direct  overwrite  scheme 
that  eliminates  some  of  the  problems  mentioned  above.  The 
static  and  dynamic  performance,  the  underlying  operational 
principle,  and  the  future  possibilities  for  this  scheme  are  pre¬ 
sented. 

One  configuration  of  this  scheme  is  shown  in  Fig.  1  and 
consists  of  two  magnetic  layers  (memory  and  reference)  ex¬ 
change  coupled  through  an  intermediate  magnetic  layer.  The 
memory  and  the  reference  layers  have  a  relatively  large  per¬ 
pendicular  anisotropy  while  the  intermediate  layer  is  mag¬ 
netically  soft.  The  memory  layer  has  a  Curie  temperature 
Tc„  that  is  greater  than  or  approximately  equal  to  the  refer¬ 
ence  layer  Curie  temperature  ■  The  intermediate  layer  has 
a  higher  Curie  temperature  than  either  the  memory  layer  or 
the  reference  layer.  The  room-temperature  coercivity  of  the 
memory  layer  is  higher  than  the  room-temperature  coercivity 
of  the  reference  layer.  The  combined  magnetization  of  the 
coupled  layers  exhibits  two  compensation  points:  This  re¬ 
quires  antiferromagnetic  coupling  between  the  memory  and 


reference  layers  over  at  least  part  of  the  temperature  range. 
The  thickness  and  composition  of  the  reference  layer  is  cho¬ 
sen  so  that  the  combined  system  has  a  compensation  tem¬ 
perature  above  the  ambient  temperature  but  below  the  write 
temperature. 

Figure  2(a)  shows  the  magnetization  of  the  three  layers 
of  the  trilayer  scheme  as  a  function  of  temperature,  whereas 
Fig.  2(b)  shows  the  magnetization  for  the  combined  system. 
Tne  square  symbol  curve  in  Fig.  2(b)  is  obtained  by  consid¬ 
ering  the  antiferromagnetic  (AP)  coupling  between  the 
memory  and  reference  layers  mediated  though  the  control 
layer,  whereas  the  other  curve  shows  the  experimental  values 
of  the  remnant  magnetization  measured  using  the  vibrating 
sample  magnetometer.  The  combined  magnetization  curve 
has  lower  and  upper  combined  compensation  temperature 
r<;ie  and  Tcuc  which  are  essential  for  the  operation  of  this 
DOW  scheme.  An  approximate  location  of  the  write  tem¬ 
perature  is  also  indicated  in  Fig.  2(b).  As  shown  below, 
T„  must  exceed  the  highest  temperature  at  which  the  coer¬ 
civity  for  the  domain-wall  motion  is  above  the  bias  field. 

When  such  a  medium  is  irradiated  with  the  low-  and 
high-power  laser  beam,  the  magnetization  of  the  memory 
and  reference  layers  change  as  shown  in  Fig.  3.  The  magne¬ 
tization  of  the  medium  as  it  comes  out  of  the  vacuum  coater 
points  in  random  directions.  As  is  common  for  conventional 
media,  it  is  initialized  once  (presumably  at  the  factory)  using 
either  a  high  dc  field  or  a  dynamic  tester. 

Writing  at  high  power  is  aided  by  the  applied  field  and 
the  demagnetizing  field;  it  is  opposed  by  the  energy  of  cre¬ 
ating  a  domain  wall  and  by  the  gradient  in  domain-wall  en¬ 
ergy  caused  by  the  Gaussian-shaped  thermal  profile.  This 
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FIG.  1.  Schematic  of  the  three-layer  media  stru-ture. 
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FIG.  2.  (a)  M,  vs  temperature  for  the  individual  layer  of  the  three-layer 
scheme:  (b)  Af ,  vs  temperature  for  combined  system. 

profile  makes  a  wall  at  small  radius  having  a  higher  tempera¬ 
ture  and  thus  lower  wall  energy  per  unit  area  than  a  wall  at  a 
large  radius.  However,  this  profile  dissipates  rapidly  and  ap¬ 
parently  leaves  the  domain  wall  pinned  in  place  before  the 
domain  can  vanish.  Assuming  that  the  memory  layer  has  a 
larger  magnetic  moment  at  the  write  temperature  (owing  to 
greater  thickness  or  other  causes),  the  reference  layer  will  be 
left  with  magnetization  opposing  the  bias  field,  as  illustrated 
in  Fig.  3. 

Erasing  at  low  power  is  opposed  by  the  applied  field  and 
the  demagnetization  field;  it  is  aided  by  the  domain-wail  en¬ 
ergy  and  particularly  by  the  thermal  gradient,  which  does  not 
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FIG.  3  Arrow  diagram  showing  the  write  erase  mechanism  for  a  disk  in 
which  the  memory  and  reference  layers  are  antifcrromagnetically  coupled. 


FIG.  4.  Spectrum  analyzer  plot  of  the  direct  overwrite  of  the  three-layer 
scheme.  A  and  B  correspond  to  original  and  overwritten  signal,  respectively. 


dissipate  until  a  much  lower  temperature  than  in  the  high- 
power  case.  Evidence  for  the  proposed  importance  of  the 
thermal  gradient  during  erase  is  provided  by  the  absence  of  a 
linear  relationship  between  the  measured  erase  power  and  the 
ambient  temperature.  The  presence  of  such  a  relationship 
would  allow  the  extrapolation  of  the  erase  temperature  from 
the  point  where  it  crosses  the  temperature  axis.  (Such  an 
extrapolation  could  be  performed  for  the  write  temperature.) 
Its  absence  means  that  there  is  no  one  temperature  at  which 
erase  occurs;  erasure  must  depend  on  other  variables  such  as 
the  temperature  gradient. 

Samples  containing  the  memory,  reference,  and  interme¬ 
diate  layers  were  prepared  on  glass  substrates.  In  one  ex¬ 
ample,  the  memory  layer  comprised  of  Tb24Fe62Co9  had  a 
Curie  temperature  of  250  "C,  compensation  temperature  of 
30  °C,  and  room-temperature  coercivity  >13  kOe.  The  ref¬ 
erence  layer  comprised  of  Tb27Fe64Co9Zr]o  had  a  Curie  tem¬ 
perature  of  120  °C,  and  room-temperature  coercivity  <3 
kOe.  This  layer  did  not  have  a  compensation  point  below  the 
Curie  temperature.  The  intermediate  layer,  comprised  of 
Gd85Fe22Co43,  had  a  Curie  temperature  of  400  °C.  A  trilayer 
disk  was  prepared  using  a  1300-A-thick  memory  layer,  100- 
A-thick  intermediate  layer,  and  400  A  reference  layer  depos¬ 
ited  sequentially  on  a  130-mm-diam  glass  substrate  without 
breaking  the  vacuum  in  the  sputtering  chamber.  A  5  mm 
band  was  erased  dynamically  using  high  power  and  an  erase 
field  of  600  Oe,  thus  initializing  all  the  layers.  A  track  was 
written  by  modulating  the  laser  power  at  6  mW  (P|ow)  and  16 
mW  (Phigh)  levels,  a  frequency  of  1.33  MHz  (50%  duty 
cycle),  and  using  -400  Oe  write  bias  field  in  the  opposite 
sense  to  that  of  the  erase  bias  field.  The  spectrum  of  the 
recovered  signal  is  shown  as  curve  A  in  Fig.  4  and  shows  the 
peaks  at  1.33  MHz  and  higher  harmonics  as  expected.  The 
track  was  then  overwritten  while  modulating  the  laser  at  1.0 
MHz.  The  spectrum  of  the  recovered  signal  is  shown  as 
curve  B  in  Fig.  4.  The  original  signal  at  1.33  MHz  is  com¬ 
pletely  overwritten  with  the  1.0  MHz  signal  and  the  new 
peaks  appear  corresponding  to  1.0  MHz  frequency. 

The  overwriting  mechanism  described  earlier  will  be¬ 
come  clearer  from  the  Kerr  hysteresis  loop  of  the  me.mory 
and  reference  layers  measured  at  ambient  and  elevated  tem¬ 
peratures.  In  this  case  memory  and  reference  layers  have 


J.  Appl.  Phys.,  Vol.  75,  No.  10,  15  May  1994 


Hatwar,  Genova,  and  Victora  6859 


c 

3 

C 

o 

B 

o 

(T 


<D 


Memory 


Reference 

~~6jf?7a  Ha-03k0e 

j  I  Hex.23kOe 
Her  •  Hex  Her  ♦  Hex 


•15.0  -9.0  -3.0  30  9.0  15  0 

Applied  Magnetic  Field  (kOe) 


Temperature  (’C) 


FIG.  5.  Kerr  hysteresis  loops  for  the  direct  overwrite  trilayer  disk  at  140  °C 
measured  from  both  memory  and  reference  layer  side.  Anows  on  the  hys¬ 
teresis  line  indicate  the  direction  for  sweep  of  magnetic  field. 


composition  of  Tb24Fe62Co9Zr5  and  Tb3oFe6oCoio,  respec¬ 
tively,  and  the  same  Curie  temperatures  of  175  "C.  The  two 
layers  are  exchange  coupled  (exchange  field  ~1.7  kOe)  to 
each  other  at  room  temperature.  The  coercivity  of  the 
memory  layer  was  high  (>12  kOe)  as  in  a  single-layer 
sample.  The  high-temperature  Kerr  loops  show  interesting 
features.  The  coercivity  of  the  memory  layer  has  decreased 
to  about  1000  Oe.  The  reference  layer  indicated  three  sepa¬ 
rate  transitions  in  the  magnetization  as  shown  in  Fig.  5.  It  is 
interesting  to  note  that  when  the  applied  field  is  small  (less 
than  1500  Oe),  the  magnetization  of  the  memory  and  refer¬ 
ence  layers  are  always  oppositely  aligned  and,  in  fact, 
switched  simultaneously.  This  means  both  of  the  layers  are 
written  simultaneously.  We  found  the  exchange  field  between 
the  memory  and  reference  layers  at  this  temperature  to  be  2.3 
kOe. 

To  confirm  our  earlier  observation  that  the  reference 
layer  is  written  along  with  the  memory  layer,  we  wrote  tracks 
from  the  memory  side  but  read  from  the  reference  side  of  the 
disk  through  the  substrate.  In  fact,  a  large  signal  was  recov¬ 
ered  on  the  spectrum  analyzer,  indicating  that  reference  layer 
and  memory  hyer  are  written  simultaneously. 

The  DOW  performance  was  found  to  depend  on  the 
power  levels,  bias  field,  and  disk  velocity.  By  using  suitable 
power  levels  we  were  able  to  obtain  DOW  CNR  oi  about  48 
dB  at  3.5  /am  maik  lengths.  We  also  investigated  several 
combinations  of  disk  structures  to  find  the  operating  range 
for  bias  field  and  power  levels  of  the  direct  overwrite  pro¬ 
cess.  DOW  performance  was  similar  as  long  as  the  combined 
system  compensation  point  was  70-110  ®C.  Long-term  reli¬ 
ability  has  not  yet  been  evaluated:  Limited  testing  (ten  over¬ 
writes)  shows  no  degradation  in  performance  with  repeated 
cycling. 

The  other  configuration  of  this  scheme  consists  of  only  a 
memory  layer  and  a  soft  magnetic  underlayer  exchange 
coupled  to  each  other.  The  Curie  temperature  of  the  under¬ 
layer  is  higher  than  the  Curie  temperature  of  the  memory 
layer.  This  underlayer  is  the  same  as  the  control  layer  of  the 
three-layer  scheme  of  Fig.  1.  Figure  6  shows  the  calculated 
and  measured  combined  magnetization  of  the  memory  layer 
and  underlayer.  The  combined  magnetization  curve  has 


FIG.  6.  Magnetization  vs  temperature  for  the  two-layer  scheme. 

lower  ^clc  and  upper  compensation  Tc^  temperatures  that 
determine  operation  of  the  medium.  This  scheme  also  gave 
good  dynamic  performance  but  v/as  about  2  dB  lower  than 
the  first  configuration.  The  mechanism  of  this  structure  is 
thought  to  be  similar  to  that  of  the  earlier  configuration. 

The  CNR  offered  by  either  of  the  media  configurations  is 
below  the  desired  value  of  55  dB.  Kerr  microscopy  has  been 
used  to  examine  the  written  and  erased  marks.  It  is  found 
that  if  full  width  marks  are  written,  then  the  erase  power  only 
thins  the  marks  but  does  not  completely  remove  them.  This 
leaves  a  long  chain  of  marks,  modulated  in  width,  and  does 
not  provide  the  desired  CNR.  If  a  lower  write  power  is  used, 
then  marks  can  be  fully  erased,  but  the  written  areas  do  not 
have  sufficient  width  to  generate  a  full  signal.  Again,  CNR  is 
reduced.  However,  this  scheme  offers  several  possibilities  for 
future  improvements  and  exploitation.  It  has  been  found  that 
relatively  large  marks  can  be  erased  if  the  marks  occur  in 
well-defined  locations;  this  suggests  use  for  fixed  bit  cell 
recording.  More  extensive  optimization  of  media,  particu¬ 
larly  the  domain-wall  mobility,  may  allow  larger  areas  to  be 
erased  and  thus  increase  the  CNR.  Furthermore,  the  trend  in 
MO  recording  is  toward  the  smaller  marks  that  we  have  no 
difficulty  in  erasing.  Preliminary  measurements  indicate 
small  mark  (0.7  fx,m)  performance  only  4  dB  lower  than  large 
mark  performance.  Finally,  our  measurements  were  made  on 
a  dynamic  tester  without  high-frequency  injection.  This  may 
have  underestimated  our  performance  by  several  dB. 

We  would  like  to  acknowledge  the  help  of  A.  C. 
Palumbo  for  Kerr  microscopy,  C.  Brucker  and  J.  Farruggia 
for  vibrating  sample  magnetometer  measurements,  and  Y.  S. 
lyan  for  several  useful  discussions  and  numerous  sugges¬ 
tions. 
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The  design  philosophy  and  objectives  for  producing  phase-optimized  trilayer  structures  for 
rragneto-opiic  enhancement  of  the  polar  Kerr  effect  is  outlined.  A  number  of  alternative  designs  is 
presented  based  on  glass/Co-Pt/Si02/Al.  The  performance  of  an  actual  device,  as  a  function  of  the 
wavelength  of  the  incident  radiation,  and  of  angle  of  incidence,  for  both  of  the  principal  polarization 
states,  has  been  evaluated  experimentally  and  theoretically.  Results  indicate  excellent  agreement  and 
demonstrate  the  ease  with  which  devices  can  be  designed  and  fabricated. 


I.  INTRODUCTION 

The  magneto-optic  (MO)  Kerr  effect  in  an  absorbing 
can  be  enhanced  by  its  incorporation  into  a  suitable 
thin-film  optical  environment,  usually  a  quadrilayer*  or  a 
trilayer  system^  which  is  designed  to  maximize  the  Kerr  ro¬ 
tation  for  a  given  system  reflectance.  This  has  the  effect  of 
maximizing  the  signal-to-noise  ratio  (SNR)  associated  with 
the  differential  detection  of  the  normal  incidence  polar  Kerr 
effect  and  therefore  with  the  readout  of  stored  information  in 
the  MO  storage  disk  system.  Although  improvements  are  sig- 
niflcant,  an  additional  and  most  desirable  feature  is  the  total 
elimination  of  parasitic  Kerr  eilipticity.^  This  has  the  effect 
of  producing  the  maximum  Kerr  rotation  while,  at  the  same 
time,  effectively  dispensing  with  the  neid  for  MO  phase  cor¬ 
recting  optics  in  the  optical  readout  head. 

In  this  article  we  report  on  the  optical  and  magneto¬ 
optical  performance  of  a  trilayer  structure  designed  around 
the  use  of  Co-Pt  multilayers  (MLs)  as  the  magnetic  medium. 
We  outline  briefly  the  design  pi,  'osophy^  for  MO  phase  cor¬ 
rection  and  demonstrate  the  ease  vith  which  these  systems 
may  be  fabricated.  The  performance  of  an  actual  device  is 
demonstrated  by  a  series  of  comprehensive  measurements 
which  demonstrate  the  dispersion  and  angular  dependence  of 
the  most  important  properties  compared  with  theoretical  cal¬ 
culations. 

II.  EXPERIMENT 

The  trilayer  structures  consisted  of  Co-Pt  MLs,  as  the 
magnetic  component,  together  with  a  silicon  dioxide  dielec¬ 
tric  spacer  layer  followed  by  an  aluminium  reflector  as 
shown  in  Fig.  1.  All  layers  were  prepared  by  magnetron  sput¬ 
tering  in  a  computer-controlled,  UHV-compatible  (<10”® 
mbar)  multisource  deposition  system.  Depositions  of  all  ma¬ 


terials  were  made  at  3  mbar  of  argon  onto  glass  substrates 
without  breaking  the  vacuum.  Individual  layer  thicknesses 
were  determined  from  calibrated  deposition  times  and  in  the 
case  of  the  Co-Pt  MLs,  sublayer  film  thicknesses  and  bilayer 
periodicity  were  confirmed  from  low-angle  x-ray  diffraction. 
The  Co-Pt  consisted  of  1.1  nm  Pt/6(0.4  nm  Co- 1.1  nm  Pt) 
giving  a  total  thickness  of  10.1  nm.  The  optical  and  MO 
properties  were  obtained  using  a  variable-angle,  spectro¬ 
scopic  Kerr  polarimeter,  operating  with  a  rotating  analyzer. 


III.  TRILAYER  DESIGN 

To  maximize  the  SNR  associated  with  the  differential 
readout  of  the  Kerr  effect'*  it  is  necessary  to  satisfy  three 
criteria.  First,  the  MO  disk  reflectance  R  shouL'.  be  a  specific 
value  related  to  the  magnitudes  of  the  various  noise  sources 
of  the  detection  system.*  Typically  this  is  likely  to  be  within 
the  range  0%  to  33%.  Second,  the  Kerr  rotation  should  be 
a  maximum.  Third,  the  MO  phase  difference  5*  between  the 
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TABLE  I.  Normal-incidence  trilayer  designs  for  glass/Cb-Pt/SiOj/Al 
n  =  2. 221  +  14.532  and  (2= -0.0103  +  i0.0104  at  a  wavelength  of  633 
nm  for  Co-Pt. 


R 

cos  4 

d„ 

(nm) 

(nm) 

Ok 

(deg) 

V 

(%) 

0.1 

+1 
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1.35 
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104 

0.66 

98 

Kerr  component  and  the  isotropic  amplitude  reflectance  vec¬ 
tor  must  be  either  0  or  ir.  This  gives  rise  to  zero  Kerr  ellip- 
ticity 

The  principle  of  the  design  may  be  understood  by  refer¬ 
ence  to  the  structure  of  the  trilayer  shown  in  Fig.  1.  Given 
that  the  materials  available  for  constructing  the  system  are 
predetermined,  there  are  essentially  two  variable  parameters 
for  satisfying  the  above  three  requirements;  These  are  the 
thicknesses  of  the  magnetic  d„  and  spacer  layers  dp.  At  first 
sight  the  problem  appears  insoluble;  however,  it  is  important 
to  realize  that  the  maximization  of  the  Kerr  component  is 
essentially  determined  by  two  factors.  One  is  the  need  for  d„ 
to  be  less  than  the  optical  skin  depth.  The  other  is  that  the 
complex  amplitude  reflectance  of  the  underlying  mirror  sys¬ 
tem,  into  air,  r„(  =  |r„|e''’'")  (Ref.  5)  be  such  that  lr„|>90% 
and  pm  is  within  ±0.77r.  Satisfying  this  rather  loose  condi¬ 
tion  almost  certainly  guarantees  that  the  Kerr  component  will 
be  very  close  to  its  maximum  value.  Consequently,  one  may 
adjust  d„  and  dp  until  R  and  4  attain  desired  values.  The 
corresponding  value  of  r„  usually  ensures  that  the  Kerr  ro¬ 
tation  is  very  close  to  its  maximum  value.  The  degree  to 
which  this  is  achieved  is  indicated  by  the  efficiency  param¬ 
eter  V  = 

Using  this  procedure  we  have  designed  a  number  of  sys¬ 
tems  for  /?=0.1,  0.2  and  0.3,  and  for  and  tt.  The  di¬ 
electric  spacer  layer  was  Si02  and  the  metal  mirror  was 
semi-infinite  Al.  The  complex  refractive  index  n  and  MO 
parameter  Q  for  Co-Pt  were  deduced  from  Ref.  6  and  the 
optical  constants  of  Si02  and  Al  were  taken  from  Ref.  7.  The 
incident  medium  was  assumed  to  be  glass  of  refractive  index 
1.52. 

IV.  THEORETICAL  RESULTS 

As  can  be  seen  from  Table  1  there  are  two  designs  for 
each  reflectance  value  which  will  lead  to  zero  Kerr  ellipticity. 
The  thickness  of  the  Co-Pt  layer  is  typically  of  the  order  of 
10-15  nm,  which  is  below  the  skin  depth  at  this  wavelength, 
and  the  Si02  layers  are  all  less  than  180  nm.  Although  the 
first  three  designs  for  cos4=  +  l  are  possible  and  would 
lead  to  zero  Kerr  ellipticity,  they  are  not  recommended  for 
two  reasons.  First,  the  efficiency  parameter  rj  is  not  particu¬ 
larly  high  («'85%).  Second,  the  reflectance  of  the  system  is 
five  times  more  sensitive  to  errors  in  the  thickness  of  the 
magnetic  layer  than  in  the  cases  where  cos  4= “1-  For  these 
reasons  phase  compensation  with  4~'rr  must  be  considered 


FIG.  2.  Dispersion  of  the  complex  Kerr  rotation  (0*+iet)  for  a  trilayer. 


the  most  expedient  design  choice,  since  this  will  lead  to  sys¬ 
tems  whose  reflectances  are  relatively  insensitive  to  errors  in 
film  thicknesses  and  which  have  Kerr  rotations  that  are 
within  97%  of  their  absolute  maximum  values. 

V  PRACTICAL  PERFORMANCE 

To  demonstrate  the  feasibility  of  producing  a  trilayer  of 
this  type  we  have  fabricated  a  structure  based  on  the  design 
fori? =0.1  and  4“^- 1"  practice  the  Co-Pt  had  a  total  thick¬ 
ness  of  10.1  nm  which  is  slightly  in  excess  of  the  design 
value  of  9.6  nm.  The  Si02  layer  thickness  was  119  nm  and 
that  of  the  aluminium  was  greater  than  200  nm.  Measure¬ 
ments  were  made  of  4 .  e* .  and  R  over  the  spectral  range 
300-900  nm  and  the  results  are  shown  in  Figs.  2  and  3 
together  with  theoretical  calculations  based  on  the  use  of 
optical  and  MO  constants  for  Co-Pt  (0.65/1.8  nm)  MLs.® 
Although  these  layer  thicknesses  are  not  exactly  the  same  as 
those  corresponding  to  the  Co-Pt  in  the  trilayer  system  they 
provide  a  useful  means  of  assessing  it.,  performance.  In  ad¬ 
dition,  and  because  all  practical  MO  disk  systems  will  oper¬ 
ate  with  a  focused  and  therefore  highly  convergent  light 
beam,  we  report  on  the  variation  of  4  >  >  and  cos  4  with 

angle  of  incidence.  These  are  shown  in  Figs.  4  and  5  and  are 
compared  with  theoretical  calculations  using  the  values  of  n 
and  Q  given  in  Table  1. 


FIG.  3.  Dispersion  of  the  reflectance  of  a  trilayer. 
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FIG.  4.  Angular  dependence  of  the  complex  Kerr  rotation  of  a 

trilayer  for  the  principal  states  of  polarization. 


When  reading  these  figures  it  should  be  remembered  that 
the  design  details  were  determined  for  a  semi-infinite  inci¬ 
dent  medium.  In  practice,  measurements  were  taken  through 
the  substrate  and  as  a  consequence  suffer  from  the  compli¬ 
cations  of  multiple  incoherent  reflections  within  the  glass 
substrate.  The  theoretical  curves  shown  in  Figs.  2-5  have 
therefore  been  determined  taking  into  account  these  extra 
reflections  and  should  not  be  compared  with  data  for  R  and 
in  Table  I. 

At  normal  incidence,  the  rapid  variation  of  and  e* 
around  500  nm  is  associated  with  an  antireflection  con.''tion 
which  occurs  for  three-layer  systems  of  the  type  being  con¬ 
sidered  here.  This  reflectance  minimum  can  be  seen  in  Fig.  3. 
In  fact,  the  reflectance  minimum  is  very  close  to  zero  at  the 
trilayer/glass  interface  and  the  corresponding  Kerr  rotation  is 
very  large  indeed.  However,  the  reflectance  from  the  air/glass 
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FIG.  5.  Angular  dependence  of  the  MO  phase  function  cos  <%  for  the  prin¬ 
cipal  states  of  polarization. 


interface  remains  finite  and  limits  the  measurable  rotations  to 
those  values  seen  in  the  theoretical  curves.  Bearing  in  mind 
the  uncertainties  in  the  basic  constants  of  the  Co-Pt  and  in 
the  actual  layer  thicknesses,  the  agreement  between  the  theo¬ 
retical  and  experimental  curves  is  very  good  indeed.  It  may 
be  noted  that  changing  the  value  of  d„  to  about  14  nm  pro¬ 
duces  even  better  agreement,  ilrc  variation  in  the  Ken  ellip- 
ticity  is  also  as  expected  and  can  be  seen  to  attain  very  small 
values  in  the  vicinity  of  the  design  wavelength  and  is  zero  at 
about  700  nm. 

The  angular  variations  of  6^,  e* ,  and  cos  4  were  mea¬ 
sured  in  air  and  are  labeled  P  and  S  conesponding  to  the  MO 
component  being  polarized  parallel  or  perpendicular  to  the 
plane  of  incidence,  respectively.  Theoretical  curves  have 
been  calculated  in  the  same  way  as  before  except  that  in  this 
case  the  larger  film  thickness  for  the  Co-Pt  was  used.  This 
gives  better  agreement  at  normal  incidence,  by  compensating 
for  slight  errors  in  actual  film  thickness  or  in  the  optical 
constants.  It  can  be  seen  from  these  figures  that  the  experi¬ 
mental  behavior  of  the  device  is  in  accordance  with  expec¬ 
tations  and  that  for  angles  of  incidence  up  to  about  30°-40° 
there  will  be  little  deterioration  of  performance  resulting 
from  the  convergent  nature  of  an  optical  readout  beam.  The 
effect  which  angle  of  incidence  has  on  the  MO  phase  term  is 
illustrated  dramatically  in  Fig.  5  where  it  can  be  seen  that, 
for  both  polarization  states,  cos  4  remains  very  close  to 
unity  up  to  nearly  60®.  This  confirms  the  achievement  of  the 
original  design  goal  of  producing  a  MO  phase-corrected  de¬ 
vice. 

VI.  CONCLUSIONS 

The  design  philosophy  and  objectives  for  producing 
trilayer  structures  for  MO  enhancement  have  been  outlined. 
A  number  of  alternative  designs,  giving  <*=0,  have  been 
presented  and  actual  structures  based  on  glass/Co-Pt/Si02/Al 
have  been  fabricated  successfully.  The  pertormance  of  one  of 
these  as  a  function  of  the  wavelength  of  the  incident  radia¬ 
tion  and  as  a  function  of  angle  of  incidence  for  the  principal 
polarization  states  has  been  evaluated  experimentally  and 
theoretically.  Results  indicate  excellent  agreement  and  dem¬ 
onstrate  the  ease  with  which  devices  such  as  this  can  be 
designed  and  fabricated. 
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Effect  of  substrate  roughness  on  microstructure,  uniaxial  anisotropy, 
and  coercivity  of  Co/Pt  multilayer  thin  films 

Chung-Hea  Chang  and  Mark  H.  Kryder 

Data  Storage  Systems  Center,  Carnegie  Mellon  University,  Pittsburgh,  Pennsylvania  15213-3890 

We  studied  the  microstructure  and  magnetic  properties  of  Co/Pt  multilayer  thin  films  sputtered  onto 
glass  and  Si  sub>‘rates  with  j-fferent  surface  roughness  caused  by  different  methods  of  substrate 
preparation.  The  microstracture  determined  by  high-resolution  electron  microscopy  and  x-ray 
scattering  could  be  correlated  to  the  observed  magnetic  properties.  Better  (111)  texture  and  smoother 
layer  structures  produced  on  smoother  glass  substrate  surfaces  produced  higher  uniaxial  anisotropy. 
Coercivity,  on  the  other  hand,  was  enhanced  by  either  pinning  of  the  domain  walls  caused  by 
substrate  surface  roughness  or  stronger  columnar  stmcture.  Although  Si  substrates  exhibited  slightly 
different  roughness  under  the  same  preparation  conditions,  the  dependence  of  magnetic  properties 
on  the  substrate  surface  was  consistent  with  the  trends  using  glass  substrates. 


I.  INTRODUCTION 

Due  to  their  intrinsic  resistance  to  corrosion  and  a  Kerr 
rotation  which  increases  at  short  wavelength,  Co/Pt 
multilayer  films  (MLF)  are  promising  candidates  for  future 
high  density  recording.*’^  Extensive  studies  of  the  film  char¬ 
acteristics  as  a  function  of  film  fabrication  parameters  have 
been  made  of  this  multilayer  system.  It  has  been  found  that 
the  magnetic  properties  such  as  uniaxial  anisotropy  and  co¬ 
ercivity  of  these  MLF  are  strongly  dependent  on  the  film 
fabrication  method. 

Since  the  layer  thicknesses  and  total  film  thickness  of 
Co/Pt  MLF  suitable  for  magneto-optical  (MO)  recording  are 
ultrathin,  it  was  expected  that  roughness  of  the  interface  and 
layer  structure  induced  by  substrate  roughness  would  play  an 
important  role  in  determining  the  magnetic  and  magneto¬ 
optical  properties.  In  this  study,  we  investigated  the  effect  of 
substrate  roughness,  introduced  by  various  substrate  prepara¬ 
tion  techniques,  on  the  microstructure  and  correlated  it  to  the 
magnetic  properties. 


II.  EXPERIMENTAL  DETAILS 

Co/Pt  MLF  were  fabricated  by  dc  magnetron  sputtering. 
A  Leybold-Heraeus  Z-650  system  was  configured  so  that 
two  magnetron  targets  of  75-mm  diameter  could  sputter  si¬ 
multaneously  while  substrates  rotated  underneath  from  one 
target  to  the  other.  A  serie.s  of  Co/Pt  MLF  consisting  of  ten 
bilayers  with  constant  ?t  layer  thickness  of  1  nm  were  de¬ 
posited  by  sputtering  with  Xe  onto  0211  Coming  glass  and 
oxidized  (002)  Si  substrates.  The  substrate  temperature  dur¬ 
ing  the  deposition  was  ambient.  The  deposition  rate  of  the  Pt 
layer  was  0.35  nm/s.  The  Co  layer  thicknesses  were  varied 
from  0.26  to  1.5  nm  by  changing  the  deposition  rate  from 
0.12  to  0.6  nm/s.  The  base  pressure  of  the  chamber  was  less 
than  4X10”’  Torr  and  gas  pressure  during  deposition  was 
kept  constant  at  10  mTorr.  Both  glass  and  Si  substrates  were 
subjected  to  three  different  preparation  procedures  prior  to 
film  deposition  as  outlined  below: 


Procedure  (A);  (i)  soaked  in  warm  water  10  min; 

(ii)  cleaned  with  oxygen  plasma  10 
min. 

Procedure  (B):  (i)  ultrasonic  cleaning  for  10  min  each 
with  warm  water,  acetone,  2-propanoI, 
and  warm  water  sequentially; 

(ii)  cleaned  with  oxygen  plasma  10  min. 

Procedure  (C):  (i)  T^pe  (B)  procedure; 

(ii)  sputter-etched  at  500  V  in  10-mTorr 
Xe  5  min. 

Cross-sectional  transmission  electron  microscopy  (TEM) 
specimens  were  prepared  following  a  method  similar  to  that 
described  by  Bravman  and  Sinclair.^’'*  The  specimens  were 
prepared  so  that  the  layers  and  substrate-MLF  interfaces 
could  be  viewed  edge-on.  A  specimen  consisted  of  two 
pieces  of  MLF  on  both  glass  and  Si  substrates  glued  face-to- 
face  by  epoxy  thinner  than  0.1  yam.  The  (lll)-type  fringes  in 
the  Si  substrate  were  used  to  align  the  interfaces  parallel  to 
the  electron  beam  direction. 

The  magnetic  properties  were  measured  with  a  DMS 
model  800  torque  and  vibrating  sample  magnetometer 
(VSM).  The  structure  of  the  films  was  characterized  by  large 
and  small  angle  x-ray  scattering  (LAXS  and  SAXS)  using  a 
Rigaku  x-ray  diffractometer.  A  JEOL  4000EX  high- 
resolution  electron  microscope  (HRTEM)  operated  at  400  kV 
was  used  to  obtain  images  of  the  films  and  selected  area 
electron  diffraction  (SAED)  patterns. 

III.  RESULTS  AND  DISCUSSION 

The  effective  anisotropy  energy  per  unit  volume 
multiplied  by  the  Co  layer  thickness  ,  is  plotted  as  a  func¬ 
tion  of  tco  in  Fig.  1  for  the  multilayers  deposited  on  glass 
substrates  prepared  using  the  three  different  methods.  The 
data  follows  the  linear  relation^  Keffrco=2Kj-t-rco^„ ,  where 
K,  is  the  interfacial  anisotropy  energy  density  and  is  the 
volume  anisotropy  energy  density  of  the  cobalt.  It  is  seen 
that  the  anisotropies  of  multilayers  on  sputter-etched  sub¬ 
strates  are  the  largest,  and  that  the  larger  anisitropy  for  (A)- 
and  (C)-type  samples  are  due  to  the  larger  interfacial  anisot- 
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FIG.  1.  Effective  uniaxial  anisotropy  Kch  times  the  Co  layer  thickness  as  a 
function  of  Co  layer  thickness  for  Co/Pt  MLF  deposited  on  the  glass  sub¬ 
strates  prepared  using  the  three  different  cleaning  procedures. 

ropy  while  the  volume  anisotropy  is  constant.  The  larger  an¬ 
isotropy  is  attributed  to  a  better-defined  interface  induced  by 
a  smoother  substrate  surface  which  agrees  with  a  reported 
study  made  on  MLF  deposited  on  ZnO  underlayers  grown  at 
different  temperatures.^  TEM  micrographs  in  Fig,  2  show 
that  the  layer  structure  of  the  type  (C)  sample  is  the  smooth¬ 
est  and  most  continuous,  and  that  of  type  (B)  is  rough  and 
discontinuous.  The  smoothness  of  the  layers  observed  by 
TEM  is  found  to  be  consistent  with  SAXS  patterns  shown  in 
Fig.  3(a).  It  is  seen  that  type  (C)  exhibits  the  most  well- 
defined  periodic  structure  and  type  (B)  the  worst.  SAXS  pat¬ 
terns  for  thicker  fco  showed  a  systematic  increase  in  the 
number  of  diffraction  orders  for  type  (A)  and  (C). 

High  magnification  HRTEM  micrographs  for  the  three 
different  samples  on  glass  are  shown  in  Fig.  4,  The  surface  of 
the  type  (B)  substrate  is  the  roughest.  Although  the  depth  of 
the  roughness  of  type  (A)  and  (C)  samples  were  about  the 
same,  0.8  nm,  the  wavelength  of  the  roughnesses  were  quite 
different  (10  and  1.5  nm,  respectively).  It  is  noticeable  from 
the  micrograph  that  the  substrate  surface  region  (~1.7  nm) 
of  the  film  is  amorphous  for  type  (A)  sample.  On  top  of  this 
amorphous  layer,  the  multilayer  was  grown  with  less  (111) 
texture.  However,  the  grains  in  the  type  (C)  sample  start 
growing  right  from  the  substrate  surface.  This  is  probably 
due  to  increased  nucleation  sites  for  crystal  growth  helping 
to  form  the  good  lattice  coherency  as  indicated  by  the  satel¬ 
lite  peak  at  20=34°  in  the  LAXS  pattern  shown  in  Fig.  3(b). 


FIG.  2.  Low-magnification  cross-sectional  HRTEM  images  of  10X(0.5-nm 
Co/l.O-nm  Ft)  MLF  deposited  on  the  three  types  of  glass  substrates.  The 
type  tC)  sample  has  II  Ft  layers. 


FIG.  3.  (a)  Small-  and  (b)  large-angle  x-ray  scattering  (\=0.154  nm)  mea¬ 
sured  from  nominal  (0.4/1. 0)-nm  Co/Ft  MLF  deposited  on  three  types  of 
glass  substrates. 

SAED  patterns  shown  in  Fig.  5  indicate  that  the  (111)  tex¬ 
tured  grains  in  type  (C)  samples  are  better  oriented  than 
those  in  type  (A)  and  (B)  samples.  The  relative  intensity  of 
the  rii.g  patterns  from  (111)  textured  crystallites  are  the 
strongest  in  the  direction  of  film  growth  for  type  (C)  and 
weakest  for  type  (B)  samples. 

Magnetization  hysteresis  loops  for  the  three  types  of 
samples  are  shown  in  Fig.  6.  The  squareness  of  the  type  (B) 


FIG.  4.  High-magnification  cross-scctional  HRTEM  images  of  the  Co/Ft 
samples  shown  in  Fig,  2 
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FIG.  5.  Selected  area  electron  diffraction  patterns  of  the  Co/Pt  MLF  samples 
shown  in  Fig.  4  and  corre.sponding  MLF  deposited  on  Si  substrates.  The 
direction  of  film  growth  is  indicated  by  the  arrow. 


sample  is  slightly  lower  than  the  others,  but  the  coercivity  is 
the  largest.  The  large  coercivity  of  the  type  (B)  sample  is 
attributed  to  the  pinning  of  the  domain  walls  caused  by  the 
surface  roughness  and  thus  by  defects  at  the  interfaces.  This 
kind  of  coercivity  enhancement  was  also  observed  in  Co/Pt 
MLF  deposited  on  a  Si  nitride  underlayer.’  Poorer  squareness 
suggests  that  domain  reversal  in  this  sample  is  nucleation 
dominated.*'^  The  larger  coercivity  of  sample  type  (C)  as 
compared  to  sample  type  (A)  can  be  attributed  to  more  well 
defined  grains  (or  columns)  in  type  (C)  samples.  This  may  be 
seen  in  Fig.  4.  Such  isolated  grains  or  columns  were  also 
reported  to  enhance  coerciviiy  in  samples  grown  on  a  Pt 
underlayer.'®  Increased  coercivity  by  sputter-etching  were  re¬ 
ported  elsewhere."’'’ 

The  microstructure  and  magnetic  properties  of  samples 
prepared  on  Si  with  the  same  preparation  procedure  were 


FIG.  6.  Hysteresis  loops  of  nominal  (0.34/1.0)-nm  Co/Pt  MLF  deposited  on 
three  types  of  glass  substrates. 


FIG.  7.  HRTEM  image  of  nominal  (0.5/1. 0)-nm  Co/Pt  MLF  deposited  on 
type  (C)  Si  substrate. 


approximately  the  same  as  those  of  glass  samples.  However, 
sputter-etching  produced  an  ar.orphous  layer  about  5-nm 
thick  on  Si,  which  seems  to  further  promote  grain  growth  by 
providing  a  smooth  surface  underneath  the  1-nm  oxidized 
surface.  Large  grains  measuring  about  17.5  nm  in  the  lateral 
dimension  may  be  observed  in  Fig.  7,  which  is  a 
HRTEM  micrograph  of  a  MLF  grown  on  a  type  (C)  Si  sud- 
strate. 

IV.  CONCLUSIONS 

The  correlations  between  microstructure  and  magnetic 
properties  of  Co/Tt  MLF  deposited  on  substrates  with  differ¬ 
ent  roughness  were  made.  It  was  confirmed  that  the  magnetic 
properties  were  very  sensitive  to  substrate  roughness.  The 
roughness  lowered  the  uniaxial  anisotropy  and  raised  the  co¬ 
ercivity.  The  coercivity  was  also  raised  by  stronger  columnar 
structure  produced  by  a  smoother  substrate  surface. 
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Polycarbonate  substrates  are  the  industry  standard  for  optical  storage.  Optical  anisotropy  is  frozen 
into  the  substrate  as  polymer  orientation  during  mold  flow  and  thermal  stress  during  cooling.  The 
substrate  optical  anisotropy  degrades  the  readback  of  the  data  [carrier-to-noise  ratio  (CNR)]  by 
increasing  the  noise  level  on  Kerr  rotation  measurement.  There  are  also  synergistic  effects  of  the 
disk  optical  properties  with  focus  and  tracking  optics.  For  optimum  CNR,  the  beam  is  focused  on 
the  magneto-optical  (MO)  film.  For  optimum  tracking,  the  beam  is  focused  to  maximize  tiack  error 
signal  (TES).  For  the  disks  considered  the  difference  between  the  offset  for  optimu’" ;  CNR  and  that 
for  optimum  TES  was  between  300  and  600  fim.  This  results  in  a  compromise  between  optimum 
CNR  and  TES,  which  could  limit  MO  storage  density  and  performance.  Conventional  methods  of 
bulk  optical  anisotropy  measurement  are  unsuccessful  in  explaining  this  variance.  These  give  an 
average  or  effective  optical  property.  The  optical  properties  are  also  known  to  vary  with  the  depth 
in  the  substrate  and  especially  near  the  mold  walls  as  determined  by  optical  polarizing  microscope. 

A  scanning  micropolarimeter  instrument  is  presented  to  rapidly  measure  the  depth  distribution  of  the 
optical  properties.  The  interaction  between  the  obliquely  incident  polarized  beam  with  the 
microscopic  variation  in  the  index  of  refraction  throughout  the  depth  of  the  substrate  is  proposed  as 
the  source  of  the  difference  between  the  optimum  focus  offsets. 


Polycarbonate  (PC)  substrates  are  the  industry  standard 
in  magneto-optical  (MO)  recording  from  the  mechanical, 
physical-chemical,  as  well  as  productivity  and  cost  points  of 
view.  However,  optical  anisotropy  which  causes  birefrin¬ 
gence  is  frozen  in  the  substrate  as:  polymer  orientation  dur¬ 
ing  mold  flow  and  thermal  stress  during  cooling.  Although 
injet  .ion  molting  techniques  which  minimize  the  in-plane 
birefringence  in  PC  have  been  demonstrated,  vertica'  bire¬ 
fringence  which  causes  large  retardation  for  marginal  rays  is 
an  unsolved  problem.  Fluctuation  around  the  average  inten¬ 
sity  distribution  on  the  photodetector  is  attributed  to  vertical 
birefringence.'  The  substrate  birefringence  for  an  obliquely 
incident  beam  is  very  high,  leading  to  degradation  of  the 
carrier-to-noise  ratio  (CNR).^  Birefringence  measurements 
are  typically  done  by  passing  a  beam  through  the  substrate, 
for  uncoated  substrates,^’'*  or  by  reflecting  the  beam  from  a 
layer  on  one  side  of  the  substrate,  for  coated  substrates.^ 
These  provide  an  average  value  for  the  optical  property.  A 
recent  phenomenon  observed  with  MO  sub-'^trates  that  is  at¬ 
tributed  to  birefringence  but  cannot  be  adequately  explained 
in  terms  of  the  bulk  average  measurements  is  dc  cribed.  We 
developed  an  apparatus  for  rapidly  measuring  i.le  micro¬ 
scopic  variations  of  the  index  of  refraction  throughout  the 
deptii  of  the  substrate  in  an  effort  to  investigate  this  phenom¬ 
enon. 

When  a  MO  disk  is  inserted  into  a  drive,  the  focus  servo- 
optics  adjust  the  lens  position  vertically  with  respect  to  the 
disk  substrate.  In  the  case  of  an  astigmatic  focus  servo  sys¬ 
tem,  the  adjustment  is  done  until  the  reflected  spot  is  circular 
on  the  detector.  This  is  considered  to  be  focused  through  the 
substrate  on  the  grooved  surface  covered  by  the  reflective 
MO  film  structure.  This  is  the  point  of  zero  focus  offset.  At 
this  lens  position  both  the  track  error  signal  (TES)  and  the 
signals  of  Kerr  rotation  of  the  data  bits  should  be  optimum. 


as  the  servo  maintains  the  lens  in  focus  by  translating  in 
response  to  disk  vertical  runout.  The  TES  should  be  as  large 
as  possible  to  provide  input  to  the  radial  positioning  servo. 
Alternatively,  if  the  track  error  signal  is  too  low,  the  radial 
positioning  servo  system  loses  its  ability  to  follow  the  runout 
of  the  tracking  grooves.  As  the  track  pitch  is  decreased  from 
1.6  to  1  /jtm  or  less,  the  importance  of  obtaining  the  maxi¬ 
mum  TES  increases.  However,  it  is  found  that  the  maximum 
TES  usually  does  not  coincide  with  the  optimum  focus  point. 
Some  preliminary  data  are  shown  to  illustrate  this  phenom¬ 
enon.  Typical  data  are  shown  in  Fig.  1.  The  solid  circles 
snow  the  TES  amplitude  as  a  function  of  focus  offset  in 
nanometers.  Here,  the  in-focus  point  determined  by  the  servo 
system  is  the  zero  focus  offset.  The  solid  curve  is  the  regres¬ 
sion  fit  of  the  data  which  is  employed  to  analytically  deter¬ 
mine  the  location  of  the  maximum  or  minimum  from  the 
data.  The  data  shown  in  Fig.  1(a)  were  measured  on  an  amor¬ 
phous  polyolefin  (APO)  substrate.  In  this  case,  the  optimum 
focus  point  nearly  coincides  with  that  for  maximum  TES. 
Figure  1(b)  shows  a  larger  focus  offset  measured  on  a  PC 
substrate.  From  these  data  alone,  it  may  appear  sufficient  to 
adjust  the  focus  offset  to  obtain  the  maximum  TES  for  the 
disk  drive  operating  point. 

The  focus  position  for  the  best  ability  to  read  the  MO 
data  shows  an  offset  which  is  different  from  that  which  pro¬ 
vides  the  optimum  TES.  The  best  focus  point  for  tracking  is 
that  which  gives  the  maximum  TES,  while  the  best  focus  for 
data  readback  performance  is  that  which  gives  minimum  jit¬ 
ter.  The  jitter  is  a  time-domain  measurement  of  channel 
noise.  In  this  example,  the  jitter  of  a  square  wave  was  used  as 
a  measure  of  data  readback  performance  rather  than  CNR. 
The  jitter  is  shown  as  a  function  of  focus  offset  by  the  open 
squares  in  Fig.  1.  The  offsets  for  optimum  TES  and  mini¬ 
mum  jitter  do  not  coincide.  In  fact,  they  are  significantly 
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Focus  Offset  (nm) 

FIG.  1.  The  jitter  (□)  and  the  track  error  signal  TES  (•)  for  (a)  an  APO 
substrate  and  (b)  a  PC  substrate. 


different,  more  so  for  the  PC  substrate  in  Fig.  1(b)  than  for 
the  APO  substrate  in  Fig.  1(a).  This  difference  between  the 
focus  offset  for  maximum  TES  and  minimum  jitter  repre¬ 
sents  a  fundamental  limitation  in  the  ability  to  increase  the 
data  storage  density  on  MO  media  by  narrowing  the  track 
pitch  and  increasing  the  linear  density.  The  difference  be¬ 
tween  the  offset  for  maximum  TES  and  minimum  jitter  is 
defined  as  A.  Ideally  A=0.  The  nonzero  A  is  the  subject  of 
the  present  investigation.  Measurements  attempting  to  relate 
the  nonzero  A  with  bulk  and  surface  birefringence  measure¬ 
ments  are  described  below. 

Several  methods  are  available  to  characterize  the  vertical 
birefringence  A«„ .  Here  subscript  r  denotes  radial  direction 
and  z  the  vertical  direction  in  the  disk  substrate.  One  tech¬ 
nique  is  the  transmission  method.^’'*  Here,  the  birefringence 
is  measured  over  a  range  of  incident  angles,  and  the  data  are 
extrapolated  to  a  90°  angle  of  incidence.  Another  technique 
is  called  the  prism  method.*  This  approach  utilizes  the  prin¬ 
ciple  of  total  internal  reflection.  One  feature  of  the  prism 
method  is  that  it  is  most  sensitive  to  the  optical  properties 
near  the  surface  of  the  disk  substrate.  There  is  also  a  novel 
reflection  measurement  method.  The  apparatus  resembles 
that  described  in  Otsuka  et  alJ  The  geometry  of  this  method 
is  closer  to  that  found  in  the  actual  optical  head  of  the  disk 
drive  than  the  transmission  or  prism  methods. 

Values  of  An„  measured  by  the  transmission  and  prism 
techniques  are  plotted  as  a  function  of  that  measured  b ,  the 
reflection  method  and  shown  in  Fig.  2(a)  for  various  MO 
disk  oubstrates.  Although  the  magnitudes  differ,  the  trends 
are  in  qualitative  agreement.  The  prism  method  is  probably 
higher  for  PC  because  of  the  high  surface  layer  optical  an¬ 
isotropy.  In  the  APO,  the  surface  layer  contribution  may  be 
small  due  to  the  lower-stress  optical  constant.  The  glass  is 
likely  to  have  higher  stress  in  the  surface  layer  due  to  the 
chemical  hardening  which  extends  several  microns  into  the 
bulk.* 

The  An„  measured  by  each  of  these  methods  was  ex¬ 
amined  to  determine  which  correlates  with  the  measured  fo¬ 
cus  offsets.  Among  the  three  methods,  the  one  most  corre- 
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FIG.  2.  A  comparison  of  the  vertical  birefringence  of  MO  disk  substrates 
using  three  different  types  of  measurement  techniques,  (a)  The  lines  are 
drawn  as  an  aid  to  the  eye  and  (b)  the  distance  between  the  two  offsets  A. 


lated  with  A  was  An^z  from  the  reflection  method.  A  is 
plotted  as  a  function  of  An„  from  the  reflection  method  in 
Fig.  2(b).  A  increased  with  increasing  An„ .  This  suggests 
that  overall  it  is  preferable  to  have  lower  An^r  for  lower  A, 
although  there  is  an  additional  contribution  to  the  variation 
of  A. 

More  detailed  measurement  of  birefringence  with  re¬ 
spect  to  depth  in  an  optical  disk  substrate  has  been  done  by 
counting  fringes  as  a  function  of  depth  in  a  strip  cut  from  the 
substrate  using  an  optical  polarizing  microscope.’  Since 
these  measurements  are  manual  and  time  consuming,  they 
are  impractical  for  studying  large  numbers  of  substrates. 

In  order  to  automate  measuring  the  depth  variation  of  the 
microscopic  optical  anisotropy,  we  have  begun  to  develop  a 
scanning  micropolarimeter  instrument.  The  polarimeter  setup 
is  similar  to  the  conventional  flow  birefringence  experiment. 
This  apparatus  is  a  modification  of  that  used  by  Frattini  and 
Fuller.'”  A  schematic  of  the  apparatus  is  shown  in  Fig.  3.  The 
modifications  in  our  apparatus  are  the  focusing  and  collector 
lenses,  and  the  translation  stage  which  allows  stepping  the 
sample  across  the  beam.  Monochromatic  light  incident  on  a 
photoelastic  modulator  (PEM)  perpendicular  to  the  strain 
axis  is  modulated  and  experiences  a  time  varying  retardance 
given  by  S„=Ac  sin(wf).  Here  A,,  is  a  function  of  the  wave¬ 
length  of  light  and  the  maximum  voltage  applied  to  the  crys¬ 
tal,  and  w  is  the  resonant  frequency  of  the  optical  element. 
The  intensity  of  the  light  at  the  detector  then  contains  a  fun¬ 
damental  frequency  w,  typically  50  kHz.  Fourier  decompo¬ 
sition  of  the  voltage  from  the  detector  facilitates  simulta¬ 
neous  determination  of  the  birefringence  A«„  and  the 
extinction  angle  x  of  the  sample.  The  beam  diameter  was 
measured  with  the  aid  of  the  knife-edge  technique.  The 
knife-edge  technique  provides  an  accurate  means  to  measure 
the  diameter  of  a  Gaussian  beam.  The  beam  diameter  without 
the  lens  is  795  /im  and  the  focused  beam  is  23  /itm  in  diam¬ 
eter. 

The  micropolarimetry  experiment  is  interpreted  using 
Jones  matrix  algebra.'”  Taking  the  radial  direction  (flow 
field)  as  a  reference,  the  incident  polarizer  is  set  at  90°,  the 
PEM  at  45°,  and  the  analyzer  at  -45°.  If  S  is  the  unknown 
retardation  of  the  sample,  the  intensity  of  the  light  at  the 
detector  is  given  by 
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FIG.  3.  A  schematic  of  the  scanning  micropolarimeter  apparatus  using  one 
PEM. 


/=2/dc[l+cos  2x  sin  2;^(l-cos  5)  cos  S„ 

+  COS  2x  sin  S  sin  S„].  (1) 

Here,  21^^  is  the  light  intensity  emerging  from  the  polarizer, 
and  the  birefringence  is  related  to  the  retardation  by 
A«„=  -X^/27rz/,  with  \  being  the  wavelength  of  the  inci¬ 
dent  light  and  d  the  sample  thickness.  Equation  (1)  can  be 
rearranged  by  recognizing  that  cos  ^„=cos[Aj  sin(a)/)]  to 
obtain 

sin(w/)  +  /2o,  cos(2wr)  +  '--.  (2) 

Here,  Fourier  components  and  are  explicitly  written 
as 

/„= 2J,(A<.)cos(2Af)sin(  S)!^^ 
and 

l2^=2J  2{Ac)<x%(  2;^')sin(2;t)[  1  “  cos(  5)  ]/<!(, .  (3) 

J„(Ac)  is  the  Bessel  function  of  the  first  kind  with  order  m, 
and  we  set  Jo(Ac)  =  0.  The  coefficients  and  1 2^  are  mea¬ 
sured  in  real  time  by  two  lock-in  amplifiers  tuned  respec¬ 
tively  to  0)  and  2w.  A  phase-locked  reference  signal  is  pro¬ 
vided  to  the  amplifiers  by  the  PEM  control  unit,  l^c  is 
measured  using  a  low-pass  filter.  The  ratios  IJI^^  and 
calculated  in  an  IBM  PC. 

Defining  /?<,=(/<y/J/2J,(A,)  and  «2a.=(W/dc)/ 
2J2(Ac),  two  equations  with  two  unknowns  S  and  x  are  ob¬ 
tained, 

cos  2x  sin  S=R^,  sin  4;^(l-cos  5)=/?2<u-  (4) 

Therefore,  by  measuring  and  we  can,  in  principle, 
obtain  x  and  S. 

Figure  4  shows  the  R^  and  f<2w  P^ots  for  a  diamond- 
milled  section  cut  from  a  PC  disk  substrate.  These  profiles 
reflect  the  variation  of  the  optical  anisotropy  with  depth  in 
the  substrate.  Although  R^  and  f?2<o  are  a  function  of  depth, 
careful  analysis  is  required  to  convert  the  R^  and  i?2<u  plots 
into  An  (or  S)  and  x  profiles.  Note  that  S  and  x  cannot  be 
uniquely  determined  from  Eq.  (4)  due  to  the  multiple  solu¬ 
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FIG.  4.  The  measured  /?„  and  in  scanning  across  a  1-mm-thick  strip  cut 
radially  from  a  PC  substrate  that  was  diamond  milled;  (a)  10  mm  and  (b)  25 
mm. 


tions  for  the  angles.  Observation  of  the  R^  profiles  as  a  func¬ 
tion  of  depth.  Fig.  4,  shows  considerable  variation  in  /?<„  as 
the  beam  is  traversed  across  the  depth  of  the  substrate.  The 
extinction  angle  (~/?2eo)  also  varies  considerably,  indicating 
that  the  commonly  used  assumption  of  uniform  and 
;^'=0  throughout  the  depth  of  the  substrate  is  clearly  invalid. 

The  differential  propagation  Mueller  matrix'*’'^  can  be 
employed  to  calculate  the  actual  integrated  optical  matrix  for 
the  disk  in  response  to  the  convergent  Gaussian  beam  used  in 
the  optical  disk  drive.  Rigorously,  dSIdz-mS  where  S  is  the 
Stokes  vector,  z  is  the  depth  in  the  substrate,  and  m  is  a  4X4 
real  matrix  containing  the  optical  properties  of  the  medium  at 
depth  z. 

Depth  variation  in  the  MO  substrate  optical  anisotropy  is 
believed  to  cause  focus  offset  differences  so  that  both  the 
MO  signal  and  the  TES  cannot  be  simultaneously  optimized. 
Automated  measurement  of  the  depth  profiles  of  can  be 
done  using  the  scanning  micropolarimeter  instrumen*.  The 
geometry  using  one  PEM  does  not  provide  a  unique  value  of 
birefringence  and  extinction  angle  for  PC  substrates.  Future 
apparatus  for  determining  An  to  within  one  wavelength  of 
the  retardation  should  include  an  additional  PEM  below  the 
sample  to  act  as  a  programmable  quarter-wa.c  plate. 
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Grant  No.  ECD-8907068. 
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The  large,  growth-induced  magnetic  anisotropy  in  amorphous  rare  earth-transition  metal  alloys  such 
as  Tb-Fe  are  shown  to  depend  strongly  on  the  deposition  temperature  and  only  weakly  on  deposition 
rate  or  deposition  technique  (e.g.,  sputtering  versus  electron  beam  co-evaporation).  These 
dependencies  can  be  well  fit  with  a  thermally  activated  form  involving  minimization  of  surface 
energy  during  the  growth  by  a  re-orie'’ting  of  adatom  configurations  o’'er  potential  energy  barriers. 
In  this  model,  the  growing  film  low  ;s  its  surface  energy  by  a  partial  alignment  of  local  clusters, 
presumably  such  as  to  maximize  the  number  of  in-plane  bonds,  although  chemical  effects 
undoubtedly  also  play  an  important  role.  These  effects  are  somewhat  analogous  to  a  surface 
reconstruction  which  becomes  trapped  into  the  growing  film  by  low  bulk  diffusion  rates.  In 
particular,  a  two-level  model  with  a  flat  distribution  of  energy  barriers  is  here  shown  to  provide  an 
excellent  fit  to  the  observations.  Such  a  model  leads  to  a  ln(t)  dependence  on  deposition  rate  and  an 
exponential  dependence  on  deposition  temperature.  We  have  also  studied  the  subsequent  irreversible 
relaxation  of  the  anisotropy  upon  annealing.  This  relaxation  is  strongly  influenced  by  the  original 
growth  temperature.  In  particular,  the  higher  the  original  growth  temperature,  the  more  resistant  the 
film  is  to  subsequent  relaxation.  This  result  has  important  technological  implications.  As  is 
commonly  observed,  the  relaxation  is  well  fit  by  a  two-level  model,  again  with  a  flat  distribution  of 
energy  barriers  over  a  range  of  energies,  producing  a  ln(f)  dependence  on  annealing  time  and  a 
thermally  activated  dependence  on  annealing  temperature.  In  annealing,  of  course,  the  lower  energy 
state  is  isotropic,  unlike  the  surface-induced  anisotropic  state  produced  during  growth.  The  influence 
of  the  growth  temperature  on  this  relaxation  implies  that  the  actual  process  of  creating  the 
anisotropic  state  during  the  growth  has  the  consequence  of  eliminating  free  volume  in  the  sample, 
thereby  raising  the  energy  barriers  to  subsequent  relaxation. 
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Macroscopic  ferrimagnets  as  magneto-optic  media  (abstract) 

Richard  J.  Gambino,®^  Ralph  R.  Ruf,  and  Nestor  Bojarczuk 

IBM,  T  J.  Watson  Research  Center,  Yorktown  Heights,  New  York  10598 

We  have  discovered  a  class  of  phase  separated  materials  in  which  the  two  phases  couple 
antiferromagnetically  across  the  phase  boundary.  A  prototypical  example  is  cobalt  containing 
=100-A-diam  precipitate  particles  of  EuS  with  the  NaCl  structure.  These  materials  show  many  of 
the  properties  of  ferrimagnets  such  as  compensation  points  so  we  have  adopted  the  term 
“macroscopic  ferrimagnet”  to  distinguish  them  from  ferrimagnets  in  which  the  antiferromagnetic 
exchange  couples  individual  atoms.  As  a  result  of  the  ferrimagnetic  exchange  between  the  Co  and 
the  EuS  the  net  magnetization  of  the  composite  is  low  in  the  vicinity  of  compensation  so  the 
anisotropy  field  is  high.  Electron  beam  evaporated  thin  films  have  a  perpendicular  easy  axis  as  a 
result  of  growth  induced  anisotropy.  Another  effect  of  the  exchange  between  the  Co  and  EuS  is  to 
order  the  EuS  well  above  its  normal  Curie  point  of  16  K.  A  film  with  80  mole  %  Co  and  20  mole  % 
EuS  has  a  compensation  point  of  55  K  showing  that  the  Eu^^  has  essentially  its  full  moment  of  7yUg 
at  this  temperature  in  order  to  compensate  the  1.65;u.g  of  Co.  The  EuS  even  shows  evidence  of 
magnetic  order  at  room  temperature.  The  wavelength  dependence  of  the  sign  of  the  magneto-optic 
Kerr  effect  can  only  be  explained  if  the  EuS  has  sufficient  rotation  at  high  photon  energies  to  be 
larger  than  the  rotation  of  the  Co.  We  have  prepared  more  complex  alloys  that  show  square  loop 
properties  at  room  temperature,  for  example,  Tb-Co-EuS  and  Tb-FeCo-EuO.  X-ray  diffraction 
analysis  shows  that  these  films  consist  of  an  amorphous  matrix  (Tb-Co  or  Tb-FeCo)  with 
precipitates  of  a  NaCl  structure  phase  (e.g.,  defect  solid  solutions’  like  Eui_^Tb^S]_^Dj.).  Both 
atomic  and  macroscopic  ferrimagnetism  are  operating  in  these  compositions.  Films  with  high 
remanence  and  coercivitics  over  4  kOe  at  room  temperature  have  been  obtained.  Some  of  these 
compositions  may  be  useful  as  magneto-optic  storage  media. 


’’Present  address:  Department  of  Materials  Science  &  Engineering,  State 
University  of  New  York  at  Stony  Brook,  Stony  Brook,  NY  11794-2275. 

‘  R.  J.  Gambino,  P.  Fumagalli,  R.  R.  Ruf,  T.  R.  McGuire,  and  N.  Bojarczuk, 
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High-resolution  magneto-optic  measurements  with  a  Sagnac 
interferometer  (invited) 

A.  Kapitulnik,  J.  S.  Dodge,  and  M.  M.  Fejer 

Department  of  Applied  Physics,  Stanford  University,  Stanford,  California  94305 

A  technique  for  measuring  the  Faraday  effect  and  the  magneto-optic  Kerr  effect  has  been  developed. 
In  a  Sagnac  interferometer,  two  optical  beams  follow  identical  paths  in  opposite  directions.  Effects 
which  break  time-reversal  symmetry,  such  as  magneto-optic  effects,  will  cause  destructive 
interference  between  the  two  beams.  By  measuring  the  phase  shift  between  circular  polarization 
states  reflected  from  a  magnetized  sample,  the  polar  magneto-optic  Kerr  effect  is  measured  to  an 
accuracy  of  3  ^rad,  with  a  spatial  resolution  of  2  /im.  The  interferometric  technique  provides  a 
number  of  advantages  over  conventional  polarizer  methods,  including  insensitivity  to  linear 
birefringence,  the  ability  to  completely  determine  the  magnetization  vector  in  a  region,  and  the 
ability  to  sensitively  measure  magneto-optic  effects  without  an  external  field.  It  is  also  shown  that 
this  device  has  great  potential  if  incorporated  into  a  near-field  optical  device.  Some  of  the 
considerations  for  the  design  of  a  near-field  Sagnac  magneto-optic  sensor  are  introduced  and  the 
advantages  of  the  device  are  discussed.  Some  preliminary  experiments  are  shown. 


I.  INTRODUCTION 

Magneto-optic  studies  of  magnetic  films  and  of  surface 
magnetism  in  bulk  materials  is  very  common.'  In  particular 
the  surface  magneto-optic  Kerr  effect  (SMOKE)^  has  re¬ 
cently  been  refined  to  a  state  where  selected  systems  can  be 
studied  to  a  submonolayer  level.  The  Kerr  effect,  like  all 
other  magneto-optic  effects,^  originates  from  spin-orbit  cou¬ 
pling.  Its  net  effect  is  to  produce  a  rotation  of  the  polarization 
axes  as  well  as  a  slight  ellipticity  in  linearly  polarized  light 
reflected  from  a  magnetized  surface.  The  amount  of  Kerr 
rotation  is  directly  proportional  to  the  magnetization  in  the 
film,  and  thus  provides  an  excellent  method  to  study  magne¬ 
tism.  In  bulk  materials,  Kerr  rotation  and  ellipticities  can  be 
as  high  as  10“^  rad  (for  a  measurement  of  a  metal  using 
visible  light  with  an  optical  penetration  depth  of  ~100  A, 
this  implies  a  specific  rotation  of  rad/cm).  For  very  thin 
films,  the  effect  can  be  reduced  substantially,  hence  restrict¬ 
ing  the  materials  and  configurations  that  can  be  studied. 

Magneto-optics  is  also  discussed  in  the  context  of  high- 
density  data  storage,  where  bits  are  represented  as  domains 
in  a  magnetic  film  which  has  Sitong  perpendicular  anisot¬ 
ropy.  Data  are  written  optically  by  locally  heating  the  film 
above  its  Curie  temperature  with  a  laser,  and  aligning  a  do¬ 
main  with  an  applied  magnetic  field.  The  data  are  then  read 
by  means  of  the  polar  Kerr  effect.  A  diffraction-limited  op¬ 
tical  device  is  capable  of  handling  cell  sizes  as  low  as  (1 
pLvaf.  In  this  limit,  detailed  imaging  of  the  domain  structure 
is  beyond  the  capabilities  of  conventional  polarized  light  mi¬ 
croscopy,  and  cunently  we  must  turn  to  electron  microscopes 
for  high-resolution  images.  Near-field  optical  microscopy, 
operating  in  reflection  with  magneto-optic  contrast,  may  be 
particularly  useful  in  guiding  the  engineering  of  such  storage 
materials.  We  might  further  imagine  a  near-field  magneto¬ 


optic  read-write  system,  which  could  push  the  minimum  cell 
size  down  to  the  order  of  ~(500  A),^  hence  increasing  the 
storage  density  to  more  than  lO'"  bits/in.^;  however,  to  date 
there  are  no  magneto-optic  devices  which  are  working  both 
in  reflection  and  in  the  near-field  region. 

Recently  we  have  demonstrated'* the  use  of  a  Sagnac 
interferometer  for  the  measurement  of  Faraday  and  Kerr  ef¬ 
fects.  Three  instruments  were  built  to  operate  at  1060,  672, 
and  840  nm.  One  important  advantage  of  these  instruments 
over  conventional  SMOKE  is  that  they  are  sensitive  only  to 
broken  time-reversal  symmetry  effects  while  completely  re¬ 
jecting  linear  birefringence  and  optical  activity.  Our  first  in¬ 
strument  was  built  using  an  existing  fiber-optic  gyroscope 
(X=1060  nm).  For  measurements  of  the  Faraday  rotation 
angle,  the  sensitivity  achieved  was  3  /tirad/\/Hz.  We  have 
since  built  instruments  (X=672  and  840  nm),  designed  more 
specifically  for  magneto-optic  studies,  which  are  slightly 
modified  from  the  original  with  a  shorter  Sagnac  loop.  These 
instruments  work  in  both  transmission  and  reflection  to  mea¬ 
sure  both  the  Faraday  and  Kerr  effects.  The  sensitivity 
achieved  has  been  2  ^urad/  \/Hz.  The  Sagnac  magneto-optic 
sensor  (SMOS)  was  first  developed  in  the  search  for  anyon 
superconductivity  in  high-temperature  superconductors;'*  we 
are  currently  giving  more  attention  to  its  use  for  character¬ 
ization  of  magnetic  materials.  An  important  measurement 
was  the  observation  of  free  radicals  in  biological  molecules.’ 
In  this  experiment  we  showed  the  versatility  of  SMOS.  The 
sensitivity  found  was  comparable  to  electron-spin  resonance 
(ESR),  the  only  other  technique  used  to  look  for  free  radi¬ 
cals;  however,  the  sensitivity  is  not  the  only  advantage  of 
SMOS.  As  we  explain  below,  SMOS  is  able  to  measure  ab¬ 
solute  magnetization,  hence  avoiding  the  need  for  external 
field  modulation.  Moreover,  we  show  that  SMOS  is  capable 
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FIG.  1.  Basic  configuration  of  a  Sagnac  interferometer.  (1  is  the  angular 
frequency  of  rotation  of  the  loop. 

of  fully  determining  the  state  of  magnetization  in  a  sample 
region,  and  should  provide  a  unique  way  to  probe  surface 
anisotropies. 

il.  SAGNAC  INTERFEROMETER 

Figure  1  shows  a  schematic  of  a  basic  Sagnac  interfer¬ 
ometer.  The  beam  of  light  from  the  source  enters  a  beam 
splitter,  which  sends  half  of  the  light  clockwise  (C^)  and  the 
other  half  counterclockwise  (CCW)  around  a  fiber  loop.  The 
two  beams  will  come  to  the  beam  splitter  after  one  turn  and 
combine  to  constructively  interfere  at  the  detector.  This  is  the 
Sagnac  loop  at  rest  and  if  we  assume  that  the  fiber  allows  one 
and  only  one  path  through  the  loop,  it  is  completely  recipro¬ 
cal.  If  the  loop  is  now  rotated  at  a  constant  angular  velocity 
fi,  reciprocity  is  no  longer  preserved.  The  rotation  creates  a 
difference  in  path  length  between  the  two  counterpropagat- 
ing  beams,  so  that  there  will  be  a  slight  phase  shift,  the 
so-called  Sagnac  effect,  introduced  between  them.  This 
phase  shift  is  translated  into  an  intensity  change  when  the 
two  beams  interfere  at  the  detectoi.  The  phase  shift  will  be 
proportional  to  the  area  enclosed  by  the  loop,  so  with  a  fiber¬ 
optic  loop  the  sensitivity  to  mechanical  rotation  can  be  in¬ 
creased  by  adding  more  windings.® 

As  described  above,  small  changes  in  path  length  will 
lead  to  intensity  changes  proportional  to  the  phase  difference 
squared,  which  will  in  turn  lead  to  poor  sensitivity  tc  small 
phase  shifts.  Typically  the  interferometer  will  be  biased  onto 
the  linear  portion  of  the  interference  curve  to  increase  the 
sensitivity.  In  priticiple,  this  can  be  done  by  introducing  a 
nonreciprocal  element  into  the  loop  which  creates  a  stable 
7r/4  phase  shift  between  the  two  beams.  However,  in  prac¬ 
tice,  a  dynamic  biasing  system  is  easier  to  engineer.  In  Fig.  1 
we  show  one  common  bias  technique,  in  which  an  electro¬ 
optic  phase  modulator  is  placed  at  one  end  of  the  loop.  Al¬ 
though  the  phase  modulator  is  a  reciprocal  device,  we  take 
advantage  of  the  finite  time  it  takes  light  to  travel  around  the 
loop  to  create  a  nonrecip/ocal  phase  shift  between  beams 
which  pass  through  the  modulator  at  different  times.  With  a 
sinusoidal  phase  modulation,  the  first-harmonic  component 
of  the  detected  intensity  may  be  measured  with  a  lock-in 
amplifier.  For  a  small  nonreciprocal  phase  shift  and  an 
average  detected  intensity  Iq,  the  first  harmonic  is  propor¬ 
tional  to  ij/o  sin(A(^j),  where  is  a  constant  which  depends 
on  the  phase  modulation  amplitude.  Maximum  sensitivity  is 
achieved  for  a  modulation  frequency  of  f=cl2L,  where  L  is 


the  path  length  of  the  loop.  Additionally,  parasitic  effects  due 
to  imperfections  in  the  phase  modulator  will  be  significantly 
reduced  near  this  frequency.  Consequently,  although  the 
SMOS  is  not  designed  for  mechanical  rotation  measure¬ 
ments,  we  must  maintain  a  finite  loop  length  of  about  30  m 
in  order  to  keep  the  modulation  frequency  in  the  MHz  range. 

To  achieve  sensitivity  to  magnetic  substances,  one  would 
like  to  measure  the  asymmetry  between  the  CW  and  the 
CCW  beams  induced  by  the  nonreciprocity  (broken  time- 
reversal  symmetry)  resulting  from  magnetism.  To  do  this,  we 
“break”  a  (completely  reciprocal)  Sagnac  loop,  then  intro¬ 
duce  bulk  optics  into  the  optical  path  to  allow  us  to  probe  a 
sample.  More  specifically,  we  use  wave  plates  to  create  two 
polarization  states  which  will  lead  to  the  maximum  nonre¬ 
ciprocal  phase  shift  upon  interaction  with  a  magnetized 
sample.  The  simplest  geometries  for  describing  the  operation 
of  the  SMOS  are  those  in  which  the  sample  exhibits  no  linear 
birefringence,  and  the  direction  of  team  propagation  is  both 
collinear  with  the  magnetization  and  normal  to  the  sample 
surface.  This  corresponds  to  the  polar  Kerr  effect  in  reflec¬ 
tion  and  the  Faraday  effect  in  transmission.  Choosing  the  z 
axis  as  the  direction  of  beam  propagation,  the  conductivity 
tensor  for  the  material  may  be  written  in  the  form 


<^xx  0  .  (1) 

0  crj 

For  both  of  these  geometries,  circular  polarization  states  are 
the  appropriate  basis  for  describing  magneto-optic  effects,® 
Transforming  the  electric-field  vector  to  a  circular  basis  di¬ 
agonalizes  the  conductivity  tensor  and  gives  slightly  differ¬ 
ent  diagonal  elements  ar^=(T^^±icrxy  for  the  two  basis 
states.  The  reflectance  and  the  transmittance  of  the  material 
is  affected  similarly,  so  that  we  may  measure  a  difference  in 
both  the  relative  phase  shift  and  the  absorption  between  the 
two  states.  It  is  important  to  note  here  that  this  phase  shift  is 
nonreciprocal,  unlike  the  phase  shifts  induced  by  linear  bire¬ 
fringence  or  optical  activity,  since  the  magnetization  breaks 
time  reversal  symmetry.  It  is  precisely  this  nonreciprocity 
which  allows  us  to  measure  magneto-optic  effects  using 
SMOS. 

The  most  common  way  to  measure  these  effects  is  to 
direct  linearly  polarized  light  at  the  sample  and  measure  the 
polarization  state  of  the  returning  light,  so  the  literature  com¬ 
monly  refers  to  the  phase  shift  as  “rotation,”  denoted  by  0, 
and  the  differential  absorption  as  “ellipticity,”  denoted  by  e. 
We  refer  to  the  nonreciprocal  phase  shift  (NRPS)  throughout 
this  article,  and  denote  it  by  A0.  In  the  perpendicular  geom¬ 
etries  described  above,  A(f>-29,  but  in  general  the  phase  shift 
is  a  function  of  both  the  rotation  and  the  ellipticity.  To  mea¬ 
sure  the  NRPS,  we  compare  two  states  with  opposing  angu¬ 
lar  momentum  vectors,  so  that  one  is  parallel  to  the  magne- 
tiz'  'on  and  the  other  antiparallel.  In  transmission,  this 
corresponds  to  states  of  the  same  handedness,  and  in  reflec¬ 
tion  the  appropriate  states  have  opposite  handednesses, 
where  handedness  is  defined  with  respect  to  the  direction  of 
propagation  [Fig.  2(a)].  When  configured  in  this  way,  the 
SMOS  is  sensitive  only  to  Faraday  or  Kerr  rotation,  not  el- 
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FIG.  1.  Bulk  optics  inserted  in  the  loop  for  (a)  transmission  and  (b)  reflec¬ 
tion  measurements. 


lipticity,  because  magneto-optically  induced  ellipticity  arises 
from  nonreciprocal  absorption,  and  consequently  does  not 
lead  to  a  NRPS  but  to  a  small  asymmetry  in  the  absorption 
for  the  two  polarization  states. 

We  first  describe  the  configuration  which  is  used  to  mea¬ 
sure  the  Faraday  effect.**  As  explained  above,  we  add  in  suc¬ 
cession  [see  Fig.  2(a)]  a  quarter-wave  (\/4)  plate,  the  sample 
holder,  and  another  X/4  plate,  which  comprise  the  bulk  op¬ 
tics.  Lenses  are  also  added  to  focus  the  beams  into  the  fiber. 
The  polarization  state  in  the  fiber  is  linear,  and  the  two  \/4 
plates  are  arranged  such  that  both  beams  are  given  circular 
polarization  of  the  same  handedness.  We  choose  right- 
handed  polarization  states  for  the  sake  of  discussion.  With  no 
sample,  the  clockwise  propagating  light  is  converted  into 
right-handed  circularly  polarized  light  by  the  first  \/4  plate 
and  converted  back  to  the  original  linear  state  of  polarization 
by  the  second  \/4  plate,  and  the  counterclockwise  propagat¬ 
ing  light  will  do  the  same,  in  the  reverse  direction.  Assuming 
that  no  nonreciprocal  phase  shift  occurs  in  the  central  portion 
of  the  bulk  optics,  then  both  clockwise  and  counterclockwise 
beams  will  emerge  with  no  relative  phase  shift.  If,  however, 
a  nonreciprocal  phase  shift  occurs  in  the  central  portion  of 
the  bulk  optics,  one  beam  will  be  advanced  in  phase  while 
the  other  will  be  retarded  in  phase,  and  the  phase  difference 
will  be  detected  as  an  inten''.ity  change  at  the  output  of  the 
interferometer. 

To  modify  the  apparatus  for  reflectance  measurements, 
only  one  quarter-wave  plate  is  needed,  together  with  a  polar¬ 
izing  cube  beam  splitter  [Fig.  2(b)].  We  set  the  linear  polar¬ 
ization  state  in  one  fiber  end  to  be  parallel  to  the  optical 
table,  with  the  other  orthogonal  to  it,  and  we  use  the  beam 
splitter  to  selectively  redirect  one  beam  to  overlap  with  the 
other.  Each  beam  is  given  a  different  handedness  upon  pass¬ 
ing  through  the  \/4  plate,  which  again  is  set  to  produce  cir¬ 
cular  polarization  states  at  the  sample.  If  a  perfect  minor  is 
used  as  a  sample,  the  handedness  of  each  polarization  state  is 
switched  upon  reflection  and  the  linear  polarization  which 
results  from  passing  through  the  \/4  plate  a  second  time  will 


FIG.  3.  Basic  notations  for  components  of  incident  and  reflected  beams 
from  a  magnetized  surface. 


be  orthogonal  to  the  original.  Thus,  the  incident  beam  which 
is  transmitted  by  the  beam  splitter  is  reflected  by  the  beam 
splitter  upon  return,  and  vice  versa,  and  a  complete  loop  is 
established. 

For  the  more  general  problem  of  measuring  magneto¬ 
optic  effects  in  the  presence  of  linear  birefringence,  for  arbi¬ 
trary  magnetization  directions,  and  away  from  normal  inci¬ 
dence,  circular  polarization  states  will  no  longer  be 
eigenstates  of  the  optical  system,  and  we  must  search  for  the 
two  polarization  states  which  will  lead  to  the  largest  signal. 
We  describe  the  electric  field  of  a  plane  wave  as 

E(z,f)  =  Re{£:o  exp[/(ft)/-«;6)]exp(-i*z)},  (2) 

where  Efi=E^\+Eyy  is  the  complex  vector  amplitude,  and 
Ex  and  Ey  are  complex.  We  may  then  define  the  Cartesian 
Jones  vector  E  as*** 


The  action  of  optical  elements  on  the  polarization  state  may 
be  described  by  complex  2X2  matrices  acting  on  this  vector, 
assuming  that  the  wave  retains  its  planar  character,  in  Fig.  3 
we  define  the  coordinate  systems  which  we  shall  use  to  de¬ 
scribe  the  reflection  of  a  plane  wave  from  a  magnetic  sur¬ 
face.  One  of  these,  denoted  by  the  superscript  m,  refers  to  the 
orientation  of  the  magnetization  vector  in  the  medium,  and 
the  other  two  refer  to  the  incident  ana  reflected  waves,  E) 
and  Ep 

The  reflectivity  matrix  for  a  magnetized  reflector,  de¬ 
fined  by  the  equation  E'’=r(M)E‘,  is 


r(M)  = 


rpp+flM-x'"  bM-y^  +  cM-z™ 
-bM-y'"  +  cM-z”  Tjj 


(4) 


where  a,  b,  and  c  are  complex  coefficients  which  depend  on 
the  optical  properties  of  the  material  and  the  experimental 
geometry,  and  are  generally  of  order  10“^  or  less,  r,,  and  rpp 
are  the  diagonal  elements  of  the  reflectivity  matrix  for  an 
unmagnetized  material,  and  s  and  p  refer  to  the  usual  s-  and 
p-polarization  convention.  When  the  magnetization  is  ori¬ 
ented  normal  to  the  plane  of  incidence,  which  is  the  geom¬ 
etry  of  the  transverse  Kerr  effect,  we  see  that  this  matrix  is 
diagonal  and  that  the  magnetization  induces  a  small  linear 
birefringence.  This  birefringence  is  linear  in  the  magnetiza¬ 
tion,  and  is  a  truly  nonreciprocal  effect.  For  an  appropriate 
choice  of  counterpropagating  polarization  states,  the  trans- 
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verse  Kerr  effect  will  lead  to  a  nonreciprocal  phase  shift 
Magnetization  in  the  plane  of  incidence  leads  to  nonzero 
off-diagonal  terms,  which  are  responsible  for  the  well-known 
longitudinal  and  polar  Ken  effects.  In  particular,  the  reflec¬ 
tivity  matrix  will  be  antisymmetric  for  magnetization  ori¬ 
ented  in  the  plane  of  the  sample  surface,  and  symmetric  for 
magnetization  oriented  normal  to  the  surface.  Again,  with  the 
proper  choice  of  polarization  states,  the  nonreciprocal  phase 
shift  due  to  either  one  of  these  effects  can  be  maximized.  In 
fact,  the  symmetry  properties  of  the  reflectivity  matrix  are 
such  that  a  measurement  which  is  sensitive  to  the  longitudi¬ 
nal  effect  is  completely  insensitive  to  the  polar  effect,  and 
vice  versa,  whereas  the  transverse  effect  appears  in  both.  By 
making  measurements  with  three  different  sets  of  polariza¬ 
tion  states,  we  can  completely  determine  the  phase  shift  as¬ 
sociated  with  each  of  these  effects.  In  this  way  we  may  com¬ 
pletely  determine  the  magnetization  vector,  with  no 
modification  of  the  experimental  geometry  other  than  chang¬ 
ing  the  orientations  of  the  wave  plates.  Detailed  analysis  of 
the  measurements  required  to  make  such  a  determination 
will  appear  in  a  subsequent  publication. 

III.  NEAR-FIELD  SAGNAC  MAGNETO-OPTIC  SENSOR 

Resolution  beyond  the  diffraction  limit  can  be  achieved 
with  optical  microscopy  by  operating  in  the  near-field  re¬ 
gime,  where  the  evanescent  components  of  the  electromag¬ 
netic  field  strongly  depend  on  the  environment,  i.e.,  the 
boundary  conditions  set  by  the  sample  with  respect  to  the 
source.**  In  this  near-field  scanning  optical  microscopy  mode 
(NSOM),*^  a  subwavelength  source  and/or  detector  of  visible 
light  is  placed  in  close  proximity  (of  order  of  the  size  of  d, 
the  source)  to  a  sample  and  raster  scanned  to  generate  im¬ 
ages.  The  coupling  of  the  near-field  radiation  to  the  far  field 
is  typically  quite  weak;  the  transmission  coefficient  at  nor¬ 
mal  incidence  has  been  calculated  to  be** 

This  is  for  the  ideal  case  of  a  circular  aperture  in  a  perfectly 
conducting,  infinitely  thin  screen,  with  diffraction-limited  fo¬ 
cusing  of  the  radiation  illuminating  the  pinhole;  the  problem 
is  analogous  to  Rayleigh  scattering  (the  additional  factor  of 

comes  from  the  illumination  spot  size).  In  general,  the 
finite  conductivity  and  thickness  of  the  screen,  as  well  as 
inefficiencies  in  the  method  used  to  deliver  the  incident  light 
to  the  aperture,  will  lead  to  a  reduction  in  this  value.  Re¬ 
cently,  Betzig  et  al.  *“  have  demonstrated  such  a  microscope 
with  a  spatial  resolution  of  120  A,  using  as  a  light  source  a 
tapered  optical  fiber  coated  with  aluminum.  Polarization  con¬ 
trast  has  also  been  achieved  by  creating  a  polarized  source 
and  introducing  a  polarizer  between  the  sample  and  the 
detector.*^  By  orienting  the  polarizer  near  the  e  dinction  po¬ 
sition,  magneto-optic  contrast  with  a  resolution  of  30-50  nm 
was  observed  in  thin,  transparent  magnetic  films.*"*  Although 
some  progress  has  been  made  in  imaging  opaque  materials 
by  using  NSOM  in  reflection,*®"**  serious  technical  barriers 
impede  similar  studies  of  opaque  magnetic  samples,  and  to 
our  knowledge  none  have  been  made. 


FIG.  4.  Arrangement  for  near-field  scanning  in  conjunction  with  reflection 
mode  [Fig.  2(b)]. 


Many  of  the  difficulties  in  achieving  magneto-optic  con¬ 
trast  NSOM  in  reflection  are  related  to  the  crossed  polarizer 
method  for  creating  the  contrast.  Moreover,  analysis  of  light 
scattered  away  from  the  normal  of  the  sample  is  complicated 
by  polarization  state  changes  which  are  generally  dominated 
by  effects  which  have  nothing  to  do  with  its  magnetic  state, 
such  as  the  shape  of  the  aperture,  the  direction  of  radiation  in 
the  far  field,  and  the  conductivities  of  both  the  sample  and 
the  tip.  Light  which  reflects  back  through  the  aperture  from 
which  it  came  might  carry  fewer  of  these  spurious  polariza¬ 
tion  effects,  but  the  problem  of  distinguishing  the  signal  from 
an  overwhelmingly  large  background  becomes  significant, 
since  most  of  the  light  incident  on  the  aperture  is  reflected 
v/ithout  ever  interacting  with  the  sample.  In  other  words,  a 
large  amount  of  “reciprocal”  light  is  expected  thut  will  com¬ 
pletely  mask  the  real  signal.  We  may  expect  the  intensity 
which  carries  the  signal  to  be  a  factor  of  10"®  smaller  than 
the  incident  intensity,  and  if  we  are  to  measure  magneto¬ 
optic  effects  by  analyzing  this  light  with  a  crossed  polarizer, 
we  may  expect  a  further  reduction  of  10"^  so  this  is  a  for¬ 
midable  problem.  One  group'®’”  has  succeeded  in  modulat¬ 
ing  the  distance  between  the  tip  and  the  sample  and  using 
synchronous  detection  to  attempt  to  solve  this  problem,  but 
their  resolution  is  not  yet  better  than  the  diffraction  limit  and 
they  have  they  have  not  yet  addressed  polarization  effects. 

The  .selective  sensitivity  of  SMOS  to  nonreciprocal  ef¬ 
fects  has  led  us  to  explore  the  possibility  of  using  it  as  a 
detection  scheme  for  NSOM  with  magneto-optic  contrast  in 
reflection.  If  we  introduce  an  aperture  between  the  focusing 
optics  and  the  sample  in  Fig.  4  only  the  light  generated  in  the 
near  field  of  the  magnetic  sample  will  receive  a  nonrecipro¬ 
cal  phase  shift,  and  the  enormous  amount  of  background 
light  which  passes  through  reciprocal  optics  will  go  undetec¬ 
ted.  In  fact,  the  presence  of  this  more  intense  reciprocal  ra¬ 
diation  can  actually  serve  to  amplify  the  intensity  change  due 
to  the  small  magneto-optic  phase  shift  by  means  of  an  optical 
homodyne  effect.  Let  us  decompose  the  fields  in  the  fiber 
loop  into  two  components  for  each  of  the  two  counterpropa- 
gating  waves. 


£i=A  exp(i0)-t-a+  exp(i<^+) 

(6a) 

E2=A  exp(i0)  +  a_  exp(i</>_). 

(6b) 

where  A  and  d  are  the  amplitude  and  phase  of  the  reciprocal 
part  of  the  fields,  and  a+  and  (f>*  are  the  amplitudes  and 
phases  of  the  nonreciprocal  part.  The  nonreciprocal  phase 
shift  which  we  measure  upon  interfering  these  two  waves 
will  be 
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FIG.  5.  First-harmonic  and  dc  components  of  the  detector  voltage  as  the 
edge  is  traversed  with  the  beam.  The  edge  is  at  the  center  of  the  beam  at  a 
position  of  0  and  the  beam  is  centered  on  the  gold  for  positive  values  of 
the  position.  Solid  and  dashed  lines  represent  the  fit  using  Fourier  optics 
analysis. 


A(^=arg|^j=-^-  sin(0+-<^_)cos((/.,vg-6i),  (7) 

where  a^^^^{a^  +  aJ)l2,  +  and  we  have 

neglected  higher-order  terms.  The  signal  which  we  measure 
is  then 

sin((A+-</i_)cos(<^3vg--^).  (8) 

which  is  proportional  to  the  field  amplitude  of  the  light  re¬ 
flected  from  the  aperture,  not  the  intensity.  As  a  consequence, 
we  may  expect  our  signal  to  be  orders  of  magnitude  larger 
than  NSOM  in  transmission,  where  the  magneto-optic  signal 
is  proportional  to  the  square  of  both  the  transmitted  field 
amplitude  and  the  magneto-optic  phase  shift,  both  small 
numbers.  For  a  system  which  is  limited  by  shot  noise,  this 
increase  in  signal  will  naturally  be  accompanied  by  a  corre¬ 
sponding  increase  in  noise,  so  that  the  signal-to-noise  ratio 
will  not  change.  However,  the  dramatic  increase  in  signal 
strength  allows  us  to  move  away  from  photomultiplier  tubes 
to  noisier  but  more  convenient  photodiode  detection 
schemes. 

To  verify  our  analysis,  we  have  deposited  2400  A  of 
TbFeCo  on  a  silicon  wafer,  capped  it  with  200  A  of  silicon 
nitride,  then  deposited  2000  A  of  gold  on  top  as  a  reflecting 
layer.  We  then  etched  25  /im  lines  in  the  gold  to  expose  the 
magneto-optic  (MO)  material,  and  scanned  our  beam  across 
the  edge  dividing  the  gold  from  the  MO  material.  The  results 
of  this  scan  are  shown  in  Fig.  5,  together  with  the  response 
which  we  have  calculated  using  standard  Fourier  optics 
techniques.'^  The  first-harmonic  signal,  proportional  to  the 
NRPS,  as  well  as  the  dc  detector  voltage,  proportional  to  the 
average  intensity,  are  plotted  as  a  function  of  beam  position 
on  the  sample,  with  the  edge  at  zero.  Note  that  as  the  edge 
approaches  the  center  of  the  beam,  both  signals  drop  to  zero. 
This  is  because  the  thickness  of  the  gold  plus  the  optical 
thickness  of  the  nitride  cap  sum  to  almost  exactly  a  quarter 
of  one  wavelength,  so  that  there  is  a  180°  phase  shift  be¬ 
tween  light  reflected  from  the  gold  and  light  reflected  from 
the  MO  material.  When  the  edge  is  near  the  center  of  the 
beam,  the  reflected  mode  is  almost  fully  antisymmetric  about 
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FIG.  6.  (a)  Transmission  (Faraday)  measurements  and  SQUID  magnetom- 
ctry  on  480-A-thick  Gd  film  in  an  applied  held  of  30  Oe  as  a  function  of 
temperature,  (b)  Reflection  phase  shift  using  an  applied  field  of  70  Oe. 


the  plane  of  the  edge  and  the  optical  axis,  and  the  single¬ 
mode  fiber  rejects  it.  As  the  beam  is  moved  onto  the  gold,  the 
average  intensity  increases  with  the  symmetric  part  of  the 
reflected  mode,  and  the  first-harmonic  signal  crosses  zero  to 
become  negative.  This  is  exactly  the  optical  homodyning  ef¬ 
fect  described  above:  Although  the  bare  MO  signal  is  posi¬ 
tive,  when  the  wave  reflected  from  the  MO  material  is  mixed 
with  the  stronger  field  reflected  by  the  gold,  the  sign  changes 
because  the  two  waves  are  shifted  relative  to  each  other.  In 
the  theoretical  fit,  we  have  neglected  aberrations  in  the  fo¬ 
cusing  lens  as  well  as  the  finite  aperture  of  the  lens.  There  is 
only  one  free  parameter  in  the  model,  the  beam  radius,  which 
takes  a  value  of  2.2  fim  in  the  curves  shown;  by  simply 
calculating  the  magnification  of  our  optics  and  assuming  per¬ 
fect  lenses  we  obtain  a  radius  of  1.7  /um.  The  agreement 
between  theory  and  experiment  is  quite  good,  especially  con¬ 
sidering  the  limitations  of  a  scalar  theory  in  treating  polar¬ 
ization  properly. 

iV.  ADVANTAGES  OF  SMOS 

As  explained  above,  SMOS  may  achieve  high  sensitivity 
and  high  common-mode  rejection  for  reciprocal  effects.  The 
ultimate  limit  on  our  sensitivity  will  be  set  by  the  shot  noise 
of  the  laser.  For  optical  powers  of  1  m  W  at  the  detector,  the 
shot-noise-limited  sensitivity  is  —50  nrad/  ^Hz.  In  Fig.  6(a) 
we  show  Faraday  and  superconducting  quantum  interference 
device  (SQUID)  magnetization  measurements  from  400  A 
Gd  film.  The  magnetization  lies  in  the  plane,  and  the  Faraday 
effect  measurements  have  been  mr.de  in  zero  field  with  the 
sample  oriented  at  45°  to  the  optical  beam.  However,  the 
most  striking  example  of  the  current  sensitivity  of  the  appa- 
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ratus  is  shown  in  Fig.  6(b),  where  the  Kerr  effect  of  this  400 
A  Gd  film  is  measured  through  the  ferromagnetic  transition 
(r<,=270  K)  with  only  a  70  Oe  applied  field,  with  a  measure¬ 
ment  time  of  10  s  per  point.  Currently,  we  have  achieved  a 
NRPS  sensitivity  of  2  )arad/\/Hz  in  transmission  and  4 
/irad/\/Hz  in  reflection.  The  sensitivity  may  be  increased 
toward  the  shot-noise  limit  with  some  improvements  in  the 
construction  of  the  apparatus  and  in  particular  the  power  and 
spectral  characteristics  of  the  source. 

An  important  feature  of  the  Sagnac  loop  is  its  immunity 
to  reciprocal  effects  such  as  linear  birefringence  or  optical 
activity.  This  immunity  comes  from  the  fact  that  two  beams 
are  experiencing  the  same  optical  path,  and  phase  shifts  that 
do  not  come  from  broken  time-reversal  symmetry  will  ex¬ 
actly  cancel  each  other.  This  immunity  may  be  particularly 
important  for  evaluation  of  anisotropic  materials  where  bire¬ 
fringence  may  be  difficult  to  differentiate  fi-om  Kerr  or  Far¬ 
aday  effects  if  not  analyzed  properly. 

Based  on  the  advantages  of  the  SMOS,  it  is  clear  that 
many  of  the  difficulties  with  doing  magneto-optic  contrast 
NSOM  in  reflection  may  be  eliminated.  If  SMOS  is  used,  the 
background  light,  as  much  distorted  as  it  may  be,  will  not 
lead  to  a  background  signal.  On  the  contrary,  this  light  serves 
to  amplify  the  magneto-optically  induced  signal  by  orders  of 
magnitude.  Moreover,  the  high  sensitivity  allows  for  rela¬ 
tively  easier  detection  of  the  very  small  signals.  We  believe 
that  this  method  provides  an  excellent  scheme  for  expanding 
the  potential  applications  of  NSOM. 

The  advantages  of  the  near-field  SMOS  (NFSMOS)  mi¬ 
croscope  over  other  spin-polarized  devices  are  evident.  First 
is  the  possible  high  sensitivity,  in  particular  for  materials 
with  large  magneto-optic  coefficient.  The  second  is  the  spa¬ 
tial  resolution.  Current  near-field  optical  microscopes  reach  a 
spatial  resolution  of  120  A.  This  is  smaller  than  a  typical 
superparamagnetic  size  and  thus  extremely  useful  for  the  de¬ 
tection  of  magnetism.  Moreover,  since  the  detection  is  made 
with  light,  the  relevant  probing  thickness  is  of  order  of  opti¬ 
cal  penetration  depth,  hence  information  from  deeper  than 
the  first  few  atomic  layers  can  be  obtained.  Finally,  the  ac¬ 
cumulation  of  data  can  be  obtained  much  faster  with  im¬ 
provements  in  efficiency.  Thus,  one  may  envision  using  this 
method  for  high-frequency  measurements. 

V.  SUMM.ARY 

The  above  instrument  opens  for  us  new  avenues  in  the 
research  of  magnetic  materials.  In  particular  we  believe  that 
because  of  the  complete  rejection  of  any  reciprocal  optical 
effects,  the  instrument  is  ideal  for  use  in  reflection  mode  in  a 
near-field  configuration.  In  this  way,  it  may  be  possible  to  do 


magneto-optics  on  a  scale  of  ~200  A  (current  near-field  mi- 
CTOscopy  using  tips  that  preserve  polarization  may  go  to  a 
length  scale  of  ~120  A).  This  could  potentially  lead  to  new 
opportunities  in  high-density  magnetic  recording  and 
magneto-optic  readout. 
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dc  magnetic  force  microscopy  imaging  of  thin-fiim  recording  head 
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Using  a  new  form  of  magnetic  force  microscope  (dc  MFM)  magnetic  force  images  of  a  thin-film 
recording  head  have  been  made.  Using  dc  MFM,  atomic  force  microscope  images  are  presented  of 
the  surface  topography  and  magnetic  forces  taken  simultaneously,  allowing  direct  correlation  of 
magnetic  fields  to  the  pole  pieces.  Magnetic  force  images  of  the  head  at  typical  head-to-disk 
spacings  are  presented.  The  tips  used  for  these  images  had  two  different  magnetic  coatings. 


I.  INTRODUCTION 

Recently  magnetic  force  microscopy  (MFM)  has  been 
used  to  study  the  field  patterns  of  thin-film  recording 
heads.*"^  There  are  two  fundamental  modes  of  MFM.  In  one 
method,  a  vibrating  cantilever  is  used  to  detect  the  force 
gradient  between  the  sample  and  sensing  tip  attached  to  the 
cantilever.  This  method  referred  to  in  this  article  as  ac  MFM, 
in  principal,  has  high  sensitivity.®  The  ac-MFM  data  can  be 
integrated  to  obtain  the  force  profile.  The  other  type  of  MFM 
detects  the  deflection  of  a  nonvibrating  cantilever  due  to  the 
magnetic  interaction  between  the  tip  and  the  sample.  We  re¬ 
fer  to  this  as  dc  MFM.  In  dc  MFM  the  force  profile  can  be 
directly  obtained  by  multiplying  the  tip  displacement  by  the 
cantilever  spring  constant.  This  article  describes  our  results 
for  applying  a  new  form  of  dc  MFM  to  thin-film  recording 
heads. 

II.  EXPERIMENT 

Traditionally  dc  MFM  was  difficult  to  apply,  because 
there  was  no  sensing  mechanism  to  position  the  tip  from  the 
sample.  Early  dc-MFM  attempts  would  scan  the  entire  sec¬ 
tion  of  the  sample  to  be  imaged,  saving  slope  information  or 
manually  adjusting  the  sample  slope,  then  scan  the  sample 
again  with  the  tip  raised  off  the  sample.’  There  were  prob¬ 
lems  with  the  tip-to-sample  distance  varying  due  to  piezo¬ 
positioner  creep  or  hysteresis,  and  also  surface  roughness. 
Since  the  force  profile  is  dependent  on  distance,  the  magnetic 
force  map  was  not  uniform  and  the.e  were  problems  preserv¬ 
ing  the  tip-sample  separation. 

Recently  a  new  dc-MFM  operating  technique  that  is 
based  on  these  previous  efforts  was  developed,  although  with 
one  major  modification:®  instead  of  scanning  the  entire  im¬ 
age  and  storing  the  slope,  the  sample  is  scanned  one  line  at  a 
time.  First  a  line  scan  is  performed  using  atomic  force  mi¬ 
croscopy  (AFM)  contact  mode.  The  topographical  and  slope 
information  is  stored.  The  tip  is  then  lifted  and  scanned  using 
the  stored  topography  and  slope  information  to  position  the 
tip  from  the  surface.  On  this  second  scan  the  deflection  of  the 
tip  is  recorded  as  the  magnetic  signal.  This  allows  for  accu¬ 
rate  tracking  of  the  sample  surface  during  the  magnetic  scan 
since  the  tip  is  away  from  the  surface  for  only  one  scan  line, 
thus  minimizing  error  due  to  piezo  drift.  Tliis  also  allows  for 
simultaneous  imaging  of  topography  and  magnetic  force. 
While  holding  the  tip  steady,  we  estimate  our  cantilever  vi¬ 
bration  noise  to  be  less  than  0.1  nm  and  therefore  conclude 
that  we  can  detect  forces  less  than  1X10”*®  N  when  using 


tips  with  less  than  1  N/m  spring  constant.  Also,  lateral  reso¬ 
lution  in  many  cases  is  not  limited  by  force  sensitivity,  but 
more  often  limited  by  the  shape  and  magnetic  domain  struc¬ 
ture  at  the  end  of  the  MFM  tip. 

'I\vo  thin-film  heads  were  measured.  These  were  stan¬ 
dard  thin-film  heads  with  two  pole  pieces  that  were  approxi¬ 
mately  9X3  ytim’  as  measured  by  the  AFM.  The  separation  of 
the  poles  (gap  length),  also  measured  with  the  AFM,  varies 
from  300  to  500  nm.  The  nonuniform  gap  length  can  be 
attributed  to  polishing.  On  one  of  the  heads  imaged,  the  pole 
pieces  were  vertically  offset  by  200  nm.  This  was  visible  in 
the  optical  microscope  and  appeared  to  be  a  fracture.  Al¬ 
though  apparently  flawed,  the  head  still  wrote  magnetic  bit 
patterns  and  produced  a  strong  magnetic  field  as  measured 
by  the  MFM.  Separation  between  disk  and  head,  or  flying 
height,  is  typically  between  50  and  100  nm.  Saturation  cur¬ 
rent  for  these  heads  was  reportedly  40  inA. 

The  heads  were  removed  from  the  flexures  and  mounted 
in  the  MFM  with  the  trailing  edge  of  the  slider  to  the  left- 
hand  side  relative  to  the  images  presented.  The  head  was 
driven  with  a  dc  current  source.  The  tips  for  these  measure¬ 
ments  were  standard  100  /rm  Si3N4  microfabricated  cantile¬ 
vers.  The  images  presented  were  from  two  tips.  One  was 
coated  with  20  nm  Fe  base  layer  and  a  5  nm  Au  cap  layer. 
The  spring  constant  for  this  tip  was  0.38  N/m  as  reported  by 
the  supplier.  The  second  tip  was  coated  with  10  nm  Fe  base 
layer  and  a  10  nm  Au  cap  layer  with  a  spring  constant  of 
0.58  N/m.  The  Au  coating  was  to  minimize  oxidation  of  the 
Fe.  It  was  calculated  that  the  change  in  spring  constant  due 
to  these  coatings  was  less  than  5%. 

ill.  RESULTS 

Figures  1(a)  and  1(b)  are  top-view  images  of  the  unfrac- 
turc'J  head.  The  second  tip  as  described  above  was  used  for 
this  measurement.  Figure  1(a)  is  magnetic  and  Fig.  1(b)  is 
topographic.  In  the  magnetic  image,  attractive  forces  are  in¬ 
dicated  by  dark  contrast  The  tip  is  constrained  to  flexing 
vertically,  so  the  forces  ,maged  are  primarily  vertical.  The 
current  to  the  head  was  10  mA  dc.  The  gap  in  the  magnetic 
image  can  be  seen  as  a  bright  line  accented  by  the  dark 
contrast  of  the  pole  pieces.  For  the  magnetic  image,  the  tip 
was  scanned  100  nm  above  the  surface.  The  maximum  tip 
deflection  is  30  nr.i.  Multiplying  this  by  0.58  N/m  gives  a 
force  of  17.4X10”®  N.  Decreasing  the  tip  height  above  the 
sample  increase.®  t.'  e  magnetic  contrast  dae  to  the  inci..asing 
field  gradient,  but  no  additional  magnetic  microstructure  ap- 
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FIG.  1.  (a)  Magnetic  force  image  of  the  air  bearing  surface  of  a  thin-film 
head,  taken  is  it  "as  driven  with  a  current  of  10  mA,  with  a  tip-to-head 
separation  of  100  nm.  The  head  is  oriented  with  the  trailing  edge  of  the 
slider  to  the  left-hand  side.  The  arrow  indicates  the  magnetic  gap.  (b)  Cor¬ 
responding  topography  of  the  thin-film  head  taken  simultaneously  with  the 
magnetic  force  image.  The  dark  rhombus  is  the  leading  pole  piece,  which  is 
recessed  20  nm  due  to  polishing  effects.  The  arrow  indicates  the  gap  be¬ 
tween  the  pole  pieces. 


FIG.  3.  Magnetic  force  image  line  scan  taken  of  the  head  as  it  was  driven 
with  a  current  of  30  mA,  with  a  tip-to-head  separation  of  50  nm.  Notice  the 
increase  of  the  depression  due  to  the  increased  magnetic  force. 


pears.  Pole  recession  of  20  nm  caused  by  polishing  can  be 
seen  in  Fig.  1(b)  (topographical  image  of  the  head).  Compar¬ 
ing  the  magnetic  image  to  the  topographical  image  shows 
that  the  magnetic  contrast  trails  off,  shadowing  the  edge  of 
the  pole  piece.  These  fields  compare  closely  with  calcula¬ 
tions  of  thin-film  head  field  profiles  by  Zhu,  Ye,  and 
Amoldussen.®  Figure  2  is  a  line  scan  of  the  magnetic  image 
taken  with  the  tip  height  at  100  nm  and  a  head  drive  current 
of  30  mA.  The  magnetic  gap  is  more  clearly  visible  in  the 
line  scan  image,  as  is  the  attraction  due  to  the  pole  pieces. 
Varying  the  head  drive  current  increased  tip  deflection  lin¬ 
early  with  current.  Tip  displacement  for  this  image  is  85  nm 
with  a  corresponding  force  of  5X10"*  N.  With  the  tip-to- 
head  spacing  again  at  100  nm  and  the  head  current  increased 
to  100  mA,  the  tip  continually  snapped  onto  the  sample.  This 
is  attributed  to  the  soft  spring  constant  of  the  cantilever. 

Figure  3  is  taken  with  the  tip  height  at  50  nm  and  a  head 
drive  current  of  30  mA;  this  technique  can  explore  the  head 
field  at  heights  comparable  to  typical  head-to-disk  separa¬ 
tions.  For  this  image,  a  tip  displacement  of  120  nm  corre¬ 
sponds  to  a  magnetic  force  of  7X10"*  N. 

The  arrows  in  Fig.  4  point  to  two  small  depressions. 
These  are  the  edges  of  the  pole  pieces  where  the  field  di¬ 
verges  most  rapidly.  Below  the  scan  line,  the  pole  pieces  are 
indicated  as  blocks.  This  image  shows  that  the  tip  is  mag¬ 
netically  soft,  since  it  is  attracted  to  the  pole  pieces  regard¬ 
less  of  polarity.  A  magnetically  soft  tip  minimizes  force 
variations  due  to  domain  switching  that  can  occur  in  high- 


FIG.  2.  Magnetic  force  image  lin;  scan  taken  of  the  head  as  it  was  driven 
with  a  current  of  30  mA,  with  a  tip-to-head  separation  of  100  nm.  The  gap 
is  located  at  the  lowest  area  on  the  scan.  In  the  bottom  of  this  depression,  the 
gap  can  be  distinguished  as  small  rise  in  the  scan  lines.  The  attraction  of  the 
pole  pieces  is  evident  on  both  sides  of  the  gap. 


FIG.  4.  An  individual  magnetic  scan  taken  through  the  center  of  the  head. 
Ute  head  was  driven  with  a  current  of  30  mA  and  imaged  with  a  tip-to-head 
separation  of  100  nm.  The  pole  piece  positions  are  indicated  as  blocks  below 
the  magnetic  scan  line.  As  seen  here  both  pole  pieces  attract  the  tip  which 
indicates  that  the  tip  is  magnetically  soft. 
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FIG.  5.  (a)  Topographic  image  of  a  flawed  thin-fllm  head.  The  step  height  is 
200  nm.  Notice  the  depression  at  the  base  of  the  step,  this  appears  to  be  a 
crack  in  the  head,  (b)  The  corresponding  magnetic  force  image,  dispiayed  as 
a  iine  scan,  demonstrates  the  ability  of  this  MFM  to  image  even  very  rough 
magnetic  samples.  For  this  image  the  head  was  driven  with  a  current  of  30 
roA  and  tip-to-hcad  separation  was  187  nm.  The  tip  used  had  a  20  nm 
coating  of  Fe. 

coercivity  (magnetically  hard)  tips.  In  the  gap  the  magnetic 
field  gradient  is  low  and  deflects  the  tip  less.  The  asymmetry 
of  the  image  is  likely  due  to  the  pole  recession.  Scanning 
direction  and  tip  angle  can  also  make  the  image  asymmetri¬ 
cal.  In  this  case  the  offset  seems  to  be  comparable  to  the  pole 
recession  height. 

As  measured  in  air,  the  tip-to-head  spacing  for  good 
magnetic  imaging  appears  to  be  a  function  of  surface  rough¬ 
ness  and  tip  spring  constant.  If  the  surface  is  rough  or  the 
cantilever  is  very  flexible,  the  tip  snaps  onto  the  surface  of¬ 
ten.  This  is  attributed  to  the  difficulty  of  maintaining  the 
head-to-tip  separation  as  force  deflections  cannot  be  antici¬ 
pated  during  the  AFM  scan.  With  proper  selection  of  canti¬ 
lever  spring  constants  and  magnetic  tip  coatings,  rough  sur¬ 
faces  with  large  magnetic  fields  can  be  imaged.  Figure  5(a) 


chows  a  topographical  surface  view  of  the  head  with  the  200 
nm  vertical  offset  defect.  The  trailing  pole  piece  is  200  nm 
higher  than  the  leading  one,  as  measured  by  the  AFM.  There 
is  what  looks  like  a  crack  at  the  gap  making  it  difficult  to 
measure  the  gap  length.  Figure  5(b)  is  a  line  scan  display  of 
the  nidjg!.etic  force  image.  The  magnetic  image  presented 
was  taken  with  c  tip-to-head  separation  of  187  nm.  When  the 
tip  was  closer  than  this  it  would  contact  the  surface  and  van 
der  Wals  or  meniscus  forces  would  keep  the  tip  in  contact 
with  the  surface  during  the  rest  of  the  scanline. 

IV.  SUMMARY 

We  have  presented  magnetic  force  images  of  dc  current 
driven  thin-film  heads  that  were  taken  with  a  dc-operated 
magnetic  force  microscope.  This  has  allowed  us  to  study  the 
fringing  fields  above  thin-film  heads  at  different  driving  cur¬ 
rents  and  tip-to-head  separations.  Comparison  of  surface  to¬ 
pography  and  magnetic  forces  has  shown  that  there  are  mag¬ 
netic  fields  associated  with  the  ends  of  the  pole  pieces.  These 
fields  could  possibly  contribute  to  off-track  failures  of  the 
drive  if  they  are  strong  enough.  With  coatings  of  10  or  20  nm 
Fe  the  tips  are  magnetically  soft,  while  they  scan  the  head 
with  currents  of  10-30  mA.  Simultaneous  imaging  of  sur¬ 
face  topography  and  magnetic  force  is  an  advantage  of  this 
newly  developed  dc-MFM  technique.  A  further  advantage  is 
that  the  tip-to-sample  separation  can  be  more  accurately 
monitored,  allowing  much  rougher  samples  to  be  imaged.  In 
contrast,  ac  MFM  measures  the  magnetic  force  gradient 
whereas  dc  MFM  measures  the  magnetic  force  which  is  ob¬ 
tained  by  simply  multiplying  the  tip  deflection  by  the  spring 
constant.  Also,  the  sensiiivity  of  dc  MFM  is  comparable  to 
ac  MFM  (in  air)  and  detection  of  tip  deflection  is  less  com¬ 
plicated  than  phase  shifts  or  amplitude  changes  of  a  vibrating 
tip. 
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A  magnetic  force  microscope  tip  designed  from  dual-layer  magnetic  films  of  antiferromagneticaily 
coupled  magnetic  layers  is  proposed.  A  theoretical  analysis  of  the  possible  advantages  of  such  a  tip 
over  conventional  single-layer  tips  is  givrn,  using  an  extension  to  dual  layers  of  a  previously 
described  micromagnetic  model  of  single-layer  tips.  In  contrast  to  single-layer  tips,  the  magnetic 
domains  of  dual-layer  tips  are  les.  jensitive  to  the  fringing  fields  of  the  specimen,  and  the  tips’  stray 
fields  are  greatly  reduced,  thus  minimizing  the  likelihood  of  erasure  of  the  sample  magnetization. 
These  properties  of  dual-layer  tips  should  lead  to  improved  resolution  of  magnetic  force  microscopy 
images. 


1.  INTRODUCTION 

The  imaging  component  of  a  magnetic  fcice  microscope 
(MFM)  system  is  a  probe  in  the  form  of  a  sharp  tip  mounted 
at  the  end  of  a  soft  cantilevered  spring  and  positioned  near 
the  surface  of  the  specimen.  The  MFM  image  is  obtained 
from  the  force  interactions  between  the  tip  and  specimen. 
Traditionally,  MFM  tips  have  been  made  from  a  single  mag¬ 
netic  material,  and  a  variety  of  tip  shapes  and  materials  have 
found  practical  application. 

A  MFM  tip  should  remain  uniformly  magnetized  as  it 
interacts  with  a  specimen  and  not  generate  large  stray  fields 
that  inadvertently  alter  the  magnetization  pattern  of  the 
specimen.  The  first  property  helps  the  interpretation  of  im¬ 
ages,  while  a  contravention  of  the  second  property  defeats 
the  aim  of  the  imaging  process,  which  is  to  obtain  an  image 
of  the  magnetization  of  the  specimen  without  destroying  h. 
In  this  regard,  traditional  MFM  tips  have  limited  capabilities. 
Traditional  soft  magnetic  tips,  such  as  nickel  with  a  coerciv- 
ity  He  of  about  40  A/m  and  a  saturation  magnetization  of 
about  500  kA/m,  are,  by  virtue  of  their  low  coercivities,  un¬ 
suitable  for  imaging  high-moment  films.  Their  magnetization 
is  usually  rendered  unstable  by  the  large  fringing  field  of  the 
film  surfaces.  A  hard  magnetic  tip  such  as  iron  160 
kA/m,  A/j^'lTOO  k/Vm),  although  largely  immune  to  ef¬ 
fects  of  fringing  field,  can  itself  generate  high  enough  stray 
fields  to  alter  the  magnetization  of  soft  magnetic  films.  All 
this  limits  the  range  of  applicability  of  the  tips. 

We  propose  a  new  MFM  tip  that  overcomes  these  limi¬ 
tations.  The  new  tip  is  a  dual-layer  magnetic  film,  with 
strongly  antiferromagneticaily  coupled  ferromagnetic  layers 
separated  by  a  nonmagnetic  layer.  Each  magnetic  layer  and 
the  separation  layer  are  a  few  nanometers  thick.  Strong  anti¬ 
ferromagnetic  coupling  maintains  the  stability  of  oppositely 
directed  domains  in  the  magnetic  layers.  The  resulting 
magnetic-field-flux  closure  at  the  tip  edges  reduces  the  tip’s 
stray  fields.  The  tip’s  stray  field  pattern  leads  to  improved 
resolution  of  MFM  images. 

We  have  developed  a  micromagnetic  MFM  model  to 
analyze  the  dual-layer  tips.  An  analysis  of  the  effects  of  the 
antiferromagnetic  coupling  on  the  response  of  dual-layer  tips 
is  presented  in  this  article.  Traditional  MFM  tips  are  called 
simply  single-layer  tips  in  the  article. 


II.  MICROMAGNETIC  MODEL 

The  micromagnetic  model  of  the  proposed  tip  is  an  ex¬ 
tension  of  our  previously  described  single-layer  model.^  The 
geometry  of  the  dual-layer  model  for  a  triangular  tip  is 
shown  in  Fig.  1(a).  The  tip  is  scanned  at  a  fixed  distance  dg 
above  the  sample  from  point  A  to  point  B.  Oihe r  tip  shapes 


FIG.  1.  (a)  Geomeiry  of  micromagnetic  model,  showing  defining  dimen¬ 
sions  and  two  abrupt  Bloch  walls,  (b)  Illustration  of  the  field  sequence  for 
obtaining  antiferromagnetic  coupled  bilayers.  Arrows  indicate  the  path  tra¬ 
versed  in  the  major  hysteresis  curve  of  the  tip  in  the  v  direction. 
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such  as  bars  are  possible.  A  way  of  traversing  the  major 
hysteresis  loop  which  results  in  the  antiparallel  orientation  of 
magnetization  in  the  ferromagnetic  layers  is  illustrated  in 
Fig.  1(b).  The  humps  that  are  formed  in  the  branches  of  the 
hysteresis  loop  are  due  to  the  difference  in  the  switching 
fields  of  the  magnetic  layers  that  is  enhanced  by  the  antifer¬ 
romagnetic  coupling  between  them.  Subscripts  u  and  /  are 
used  to  distinguish  between  quantities  of  the  upper  and  lower 
magnetic  layers  of  the  tip  in  Fig.  1(a).  The  upper  and  lower 
magnetic  layers  have  thicknesses  of  r„  and  /; ,  and  are  sepa¬ 
rated  by  a  nonmagnetic  layer  of  thickness  d.  Each  magnetic 
layer  is  modeled  using  closely  packed  discrete  elements  with 
rectangular  parallelipiped  shapes  that  have  square  cross  sec¬ 
tions  in  the  plane  of  the  probe  [the  u-v  plane  of  Fig.  1(a)]. 
The  elements  represent  the  grains  of  the  tip  medium.  The 
grains  interact  with  each  other  by  nearest-neighbor  exchange 
and  long-range  magnetostatic  interactions.  The  magnetiza¬ 
tion  of  the  tip  can  vary,  but  that  of  the  film  is  assumed  un¬ 
affected  by  its  interaction  with  the  tip.  A  detailed  account  of 
modeling  the  magnetic  layers  and  calculating  forces  acting 
on  the  tip  is  given  in  Ref.  1.  Antifenomagnetic  coupling 
between  the  magnetic  layers  is  simulated  by  introducing  a 
negative  interlayer  exchange-interaction  parameter.  The  ef¬ 
fective  exchange  interaction  field  acting  on  a  grain  of  the 
upper  layer  is  given  by*’^ 

2A  2A' 

where  3=0  is  a  phenomenological  ferromagnetic  exchange 
parameter  for  the  top  layer,  A'=s0  is  a  phenomenological 
interlayer  antiferromagnetic-exchange  parameter,  D  is  grain 
size,  and  Mu,  Mi  are  the  magnetization  of  grains  of  the 
upper  and  lower  layers.  The  first  term  on  the  right-hand  side 
of  Eq.  (1)  represents  the  exchange  interactions  among  grains 
of  the  upper  layer;  the  summation  is  over  the  nearest  neigh¬ 
bors  of  the  grains.  The  second  term  of  Eq.  (1)  represents 
exchange  interactions  of  the  upper  layer  with  grains  of  the 
lower  layer.  Interlayer  exchange  interactions  are  assumed  to 
occur  between  grains  in  corresponding  positions  in  the  lay¬ 
ers.  Positive  values  of  A '  could  be  used  when  ferromagnetic 
exchange  coupling  between  the  layers  is  intended.  For  sim¬ 
plicity  it  is  assumed  that  the  magnetocrystalline  anisotropic 
properties,  the  magnetization  and  grain  size  D  are  identical 
for  both  magnetic  layers.  The  expression  for  the  exchange 
interaction  field  in  the  lower  layer  is  obtained  from  Eq.  (1) 
by  interchanging  the  roles  of  the  subscripts  u  and  /. 


111.  SIMULATION  RESULTS 

The  stray  field  patterns  of  the  dual-layer  and  single-layer 
tips,  in  the  active  regions  of  the  tips,  are  compared  in  Fig.  2. 
The  stray  field  of  the  single-layer  tip  radiates  outwardly  from 
the  tip  toward  the  sample  surface  and  thus  is  more  likely  to 
affect  the  magnetization  of  the  sample.  The  stray  field  of  the 
dual-layer  tip,  on  the  other  hand,  is  localized  about  the  active 
region  due  to  magnetization  flux  closure  stemming  from  the 
proximity  of  the  opposite  magnetic  poles  in  the  magnetic 
layers.  The  force  sensitivity  of  the  dual-layer  tip  is  affected 
by  the  choice  of  the  layer  thicknesses  r„  and  .  In  a  region  of 


FIG.  2.  Longitudinal  section  (in  the  u-w  plane  of  Fig.  1)  of  stray  fields  for 
triangular  tips  for  (a)  dual-layer  tip  and  (b)  single-layer  tip. 


constant  fringing  field  of  the  sample,  the  force  acting  on  a  tip 
of  equally  thick  magnetic  layers  with  a  small  separation  be¬ 
tween  them  is  vanishingly  small;  however,  when  the  layers 
have  the  same  thicknesses,  the  tip  is  sensitive  to  field  gradi¬ 
ents.  When  the  tip  distance  is  less  than  the  layer  spacing 
d,  these  gradient  forces  can  be  nearly  as  large  as  the  forces 
acting  on  a  single-layer  tip  in  a  uniform  field. 

Force  profiles  from  a  single  scan  of  two  abrupt  Bloch 
walls  [Fig.  1(a)],  for  three  different  antiferromagnetic  ex¬ 
change  parameters  A ' ,  are  plotted  in  Fig.  3.  A  tip  magneti¬ 
zation  of  A/ =  1430  kA/m  and  first-order  anisotropy  constant 
of  Af==  4,3X10*  J/m*,  corresponding  to  those  of  cobalt,* 
were  used  in  the  calculations;  magnetic  layer  thicknesses 
/„=  10  nm  and  //=  15  nm  and  an  interlayer  separation  d=2 
nm  were  used.  An  intralayer  exchange  constant 
^  =  4X10"'®  J/m,  corresponding  to  a  maximum  exchange 
field  of  2343  kA/m,  was  used.  The  tip  was  inclined  at  an 
angle  t//=30®  to  the  sample  and  separated  from  it  by  da=5 
nm.  The  tip  was  scanned  normal  to  the  domain  wall  [0=0" 
in  Fig.  1(a)].  The  same  grain  sizes,  linear  dimensions  of  the 
tips,  and  gyromagnetic  parameters  as  in  Ref.  1  were  used. 
Each  cobalt  grain  is  characterized  by  a  uniaxial  magnetocrys¬ 
talline  anisotropy;  the  anisotropy  directions  were  assigned 
randomly  among  the  grains  in  the  calculation.  The  sample 


1  ISO 
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FJG.  3.  Profiles  of  reduced  force  F  as  functions  of  interlayer  antiferromag- 
.  jtic  coupling /t'  for  A' =  -4X10“"  J/m  equivalent  to  an  antiferromag- 
netic  coupling  field  kA/m  (curve  1),  A ' =0,  (curve  2), 

and  A'=  -2X  10“*®  J/m,  //Ar=2343  kA/m  (curve  3).  Curve  1  is  displaced 
vertically  by  0.3  for  clarity. 
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FIG.  4.  Force  profiles  of  dual-layer  tip  with  j4'  =  -2X10''®  J/m  (solid 
curve)  and  single-layer  tip  (dotted  curve). 

properties  were  chosen  to  conespond  to  those  of  a  magnetic 
garnet  film  described  in  Ref.  1.  The  following  linear  dimen¬ 
sions  of  the  sample  were  used  in  the  calculations  [see  Fig. 
1(a)]:  S=2000  nm,  /^=/o=500  nm,  and  L  =  1000  nm. 

The  antiferromagnetic-coupled  state  of  the  magnetic  lay¬ 
ers  is  a  low-energy  state,  which  requires  an  external  field 
greater  than  the  antiferromagnetic  coupling  field  to  move  it 
away  from  this  state.  The  force  profile  is  greatly  distorted  for 
A'  =  0  and  -4X10"”  J/m  (curves  1  and  2)  because  the 
fringing  field  surpasses  the  antiferromagnetic  coupling  field 
and  leads  to  instability  of  the  magnetic  domains.  With  in¬ 
creasing  A '  the  magnetic  domains  of  the  tip  gradually  stabi¬ 
lize,  the  force  increases,  and  the  force  transition  regions 
sharpen  (curve  3).  Stable  tip  domains  also  lead  to  larger 
force  amplitudes.  The  calculation  was  repeated  for  a  single¬ 
layer  tip  using  the  same  shape  and  mutual  orientation  of  the 
tip  and  sample  as  for  the  dual-layer  tips.  The  single-layer  tip 
had  a  thickness  equal  to  the  combined  thickness  of  the  mag¬ 
netic  layers  of  the  dual-layer  tips,  and  the  magnetic  proper¬ 
ties  were  the  same  as  those  of  the  magnetic  layers  of  the 
dual-layer  tips.  The  calculated  force  profile  of  the  single 


layer  tip  is  compared  with  that  of  a  dual-layer  tip  having 
.A '  =  -  2  X 1 0  ~  ®  J/m  in  Fig.  4;  the  dual-layer  tip  produces  a 
larger  force  with  a  sharper  transition  region  which  is  better 
centered  and  more  nearly  symmetrical  relative  to  the  domain 
walls.  These  properties,  due  to  the  stability  of  domains,  in 
the  magnetic  layers  lead  to  a  better  spatial  resolution  of  the 
final  MFM  image. 

IV.  DISCUSSION 

Strongly  antiferromagnetically  coupled  multilayer  mag¬ 
netic  films  that  are  currently  receiving  a  lot  of  attention  in  the 
literature  in  connection  with  their  giant  magnetoresistance 
properties  would  make  good  candidate  materials  for  con¬ 
structing  the  dual-layer  tips.'*  The  range  of  interlayer  separa¬ 
tion  d  corresponding  to  antiferromagnetic  coupling  between 
the  magnetic  layers  is  material  dependent.  An  Fe-Cr-Fe  sys¬ 
tem  reported  in  Ref.  4  has  a  coupling  field  of  1600  kA/m. 
The  magnitude  of  the  fringing  field  close  to  the  surface  of  the 
film  is  bounded  by  the  value  of  the  saturation  remanent  mag¬ 
netization.  The  saturation  remanent  magnetization  of  metal¬ 
lic  recording  films,^  for  example,  ranges  from  400  to  1000 
kA/m,  which  is  smaller  than  the  coupling  field  of  the  Fe- 
Cr-Fe  system.  Thus,  a  Fe-Cr-Fe  probe  is  expected  to  remain 
stable  while  imaging  such  films  or  films  with  lesser  satura¬ 
tion  magnetization  values.  Other  coupled  multilayers  such  as 
Co-Cr-Co,  Co-Ru-Co,  and  Co-Cu-Co  multilayers  with  cou¬ 
pling  fields  of  comparable  magnitudes  to  the  Fe-Cr-Fe  sys¬ 
tem  have  also  been  reported.^'^ 
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Anisotropy  and  magnetostriction  measurement  by  interferometry 
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Extending  the  use  of  a  laser-Doppler  interferometer  that  measures  magnetostriction  by  measuring 
the  deflection  of  a  thin-film  cantilever  sample  to  also  measure  the  anisotropy  is  reported.  When  the 
sample  is  driven  with  a  rotating  magnetic  field  of  constant  magnitude,  a  number  of  harmonics  of 
twice  the  rotating  field  frequency  are  evidence  of  the  magnetization  vector  lagging  and  leading  the 
drive  field  around  the  sample.  Altering  the  magnitude  of  the  drive  field  so  that  the  H  vector  traces 
out  an  ellipse  is  found  to  null  the  harmonic  signals.  This  ellipse  has  its  major  axis  aligned  with  the 
hard  axis.  Using  the  Stoner- Wohlfarth  single-domain-particle  model,  it  is  shown  that  a  rotating  field 
will  cause  the  magnetization  to  rotate  around  the  particle  uniformly  only  if  the  difference  in 
magnitude  between  the  fields  along  the  major  and  minor  axes  is  equal  to  the  anisotropy  field. 
Measurements  on  isotropic  and  anisotropic  samples  confirm  the  theory. 


I.  INTRODUCTION 

In  the  beam  deflection  method  of  measuring  saturation 
magnetostriction  Xj  a  magnetically  soft  thin-film  material  de¬ 
posited  on  a  nonmagnetic  substrate  is  subjected  to  a  rotating 
magnetic  field.'"^  As  the  magnetization  rotates,  the  thin  film 
expands  (or  contracts  for  Xj<0),  creating  a  stress  on  the 
substrate,  which  causes  the  substrate  and  film  to  bend.  Typi¬ 
cally,  a  rectangular  cantilever  sample  is  clamped  on  one  end 
and  the  deflection  of  the  free  end  is  measured.  This  deflec¬ 
tion  is  measured  using  a  laser  Doppler  interferometer.^  A 
laser  beam  is  reflected  off  the  sample  and  off  a  nearby  sta¬ 
tionary  mirror,  and  is  interfered  with  a  second  beam  whose 
frequency  is  shifted  by  50  kHz.  This  produces  two  sinusoidal 
signals  that  differ  in  phase  by  Itr  times  twice  the  distance 
between  the  sample  and  the  nearby  mirror  divided  by  the 
laser  wavelength.  An  inplane  rotating  field  is  used  to  avoid 
the  ambiguity  of  the  demagnetized  state;  only  the  difference 
in  deflection  is  measured  as  the  saturation  magnetization  is 
rotated  from  alignment  along  the  length  of  the  cantilever  to 
alignment  perpendicular  to  the  cantilever. 

As  no  difference  in  the  field-induced  strain  along  the 
cantilever  occurs  for  a  180°  change  in  magnetization  direc¬ 
tion,  magnetization  rotating  at  a  frequency  /  will  produce  a 
deflection  that  oscillates  at  a  frequency  If.  However,  a  num¬ 
ber  of  higher  harmonics  have  been  observed,^  which  were 
partly  attributed  to  the  magnetization  not  rotating  uniformly 
with  the  applied  field.  Here  we  describe  how  the  elimination 
of  these  harmonics  can  be  used  to  determine  the  anisotropy 
field  of  the  sample. 

II.  PHYSICAL  MODEL 

Even  though  the  sample  is  polycrystalline,  for  analysis 
purposes  the  magnetization  of  the  thin-film  sample  is  as¬ 
sumed  to  behave  as  that  of  a  Stoner-Wohlfarth  single¬ 
domain  particle,  as  illustrated  in  Fig.  1. 

The  total  energy  of  this  particle  when  saturated  is 

E,-Ku  sin^  9~HMs  cos{(-.-6),  (1) 

where  6  is  the  angle  between  the  magnetization  and  the  easy 
axis,  a  is  the  angle  between  the  applied  magnetic  field  and 
the  easy  axis,  M,  is  the  saturation  magnetization,  H  is  the 


magnitude  of  the  applied  field,  and  is  the  anisotropy  con¬ 
stant.  An  expression  for  the  magnetization  direction  0  is 
found  by  minimizing  this  energy, 

sin(a-g)  2K^ 
sin(0)cos(0)  HMs ' 

Straightforward  algebraic  manipulation  yields  the  following 
equation  for  the  position  of  the  magnetization  for  a  given 
applied  magnetic  field: 

sin(a)  cos(a)  Hi  ,  ^ 

siJl^  ^~H  ' 

where//*=2A’,,,/Af,. 

If  two  sets  of  Helmholtz  coils  orthogonal  to  each  other 
generate  the  rotating  field,  an  expression  for  the  applied  field 
is 

H{t)  =  hx  cos((t)t)\+ hy  sin(wr)y,  (4) 

where  the  first  term  is  generated  by  one  coil  pair  and  the 
second  term  is  generated  by  the  other,  and  where  x  is  along 
the  easy  axis  as  shown  in  Fig.  1.  We  refer  to  the  case  where 
h,f=hy  as  a  “circular  field,”  and  the  case  h,c^hy  as  an  “el¬ 
liptic  field.” 

Substituting  Eq.  (4)  into  Eq.  (3)  gives  an  expression  for 
the  time-dependent  magnetization  position, 

hy  sin(a)r)  cos(wr) 
sin(  6)  cos(  $) 
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FIG.  2.  Round,  isotropic  sample  subjected  to  (a)  a  28.3  Oe  circular  rotating 
field,  and  (b)  an  elliptic  field  with  hj,=35.4  Oc  and  /ij=28.3  Oe. 

In  order  for  the  magnetization  to  rotate  uniformly  around  the 
sample,  6  must  equal  cur,  yielding 

hy-h^-H,,.  (b) 

This  means  that  when  the  deflection  of  the  sample  occurs  at 
a  single  frequency,  the  difference  between  the  field  along  the 
hard  axis  and  the  field  along  the  easy  axis  is  equal  to  the 
anisotropy  field  of  the  sample. 

The  cantilever  deflection  frequency  0  (Hz)  will  be  twice 
the  frequency  of  the  magnetization.  In  a  circular  field,  an 
isotropic,  round  sample  would  have  a  uniform  demagnetiza¬ 
tion  and  hence  the  magnetization  would  rotate  at  the  field 
angular  frequency  cj  and  the  cantilever  deflection  frequency 
would  be  d=2(ol2rr.  A  sample  with  crystalline  anisotropy  or 
a  noncircular  shape  would  produce  higher  harmonics  of  D. 
Hence,  by  Eq.  (6),  obtaining  the  hy  and  values  required  to 
eliminate  the  higher  harmonics  yields  the  sample  anisotropy. 

III.  RESULTS  ON  PERMALLOY  FILMS 

The  signal  spectrum  of  a  21-mm-diam,  0.5-/iim-thick, 
isotropic  FeNiZr  film  subjected  to  a  28.3  Oe  field  rotating  at 
100  Hz  is  shown  in  Fig.  2(a).  The  peak  at  100  Hz  is  due  to  a 
number  of  causes,  including  mechanical  vibration  and  metal 
in  the  sample  holder.^  A  number  of  harmonics  of  60  Hz  is 
observed,  and  the  signal  from  580  to  640  Hz  is  d'lc  to  the 
mechanical  resonances  of  the  sample.  The  200  Hz  peak  is  the 
magnetostrictive  signal  (\5=2.68xl0”®).  This  value  is  de¬ 
termined  from  the  deflection  and  the  physical  properties  of 
the  sample:  glass  substrate  thickness  is  229  /rm,  film  thick¬ 
ness  is  0.5  /zm,  cantilever  length  is  0.495  in.,  and  the  ratios 
of  the  Young’s  modulus  and  Poisson’s  ratio  of  the  substrate 
and  film  are  1.611.^  This  spectrum  closely  matches  what  the 
theory  predicts,  namely  for  the  circular  field  the  only  signifi¬ 
cant  deflection  due  to  the  sample  magnetostriction  is  at  200 
Hz.  Only  a  very  weak  400  Hz  peak  of  5.5  A  is  observed. 


FIG.  3.  Round,  anisotropic  sample  subjected  to  (a)  a  28.3  Oc  circular  field, 
and  (b)  an  elliptic  field  with  /iy  =  36.2  Oe  and  /i^=28.3  Oc. 

Figure  2(b)  shows  the  signal  spectrum  of  the  same 
sample  when  the  applied  field  is  changed  from  circular  to  an 
elliptic  field  with  a  major  axis  magnitude  of  35.4  Oe  and  a 
m’aor  axis  magnitude  of  28.3  Oe.  The  200  Hz  peak  has  risen 
from  280  to  289  A  because  the  average  field  applied  to  the 
sample  has  risen  and  the  sample  is  not  fully  saturated  at  28.3 
Oe.  The  400  Hz  peak  has  jumped  from  5.5  to  38.1  A.  A  600 
Hz  term  is  also  apparent,  but  its  magnitude  is  nonlinearly 
amplified  by  the  mechanical  re.sonance  of  the  cantilever. 

The  signal  spectrum  of  a  21-mm-diam,  0.5-/zm-thick, 
anisotropic  Permalloy  film  on  a  229  /u.m  glass  substrate  sub¬ 
jected  to  a  28.3  Oc  field,  rotating  at  100  Hz,  is  shown  in  Fig. 
3(a)  (Xj  =  7.72X  10“  ^).  It  is  apparent  that  this  spectrum  is 
very  similar  to  that  of  the  isotropic  sample  subjected  to  the 
elliptic  field.  Figure  3(b)  shows  the  signal  spectrum  of  the 
sample  when  subjected  to  an  elliptic  field  with  a  major  axis 
magnitude  of  36.2  Oe  and  a  minor  axis  magnitude  of  28.3 
Oc.  The  400  Hz  term  has  almost  vanished,  dropping  from 
16.4  to  0.7  A.  The  difference  in  the  fields  along  the  two  axes, 
7.9  Oe,  is  equal  to  the  anisotropy  field.  Figure  4  is  a  plot  of 


FIG.  4.  400  Hz  deflection  vs  difference  in  field  for  several  values  of  casy- 
axis  field. 
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the  400  Hz  deflection  as  the  field  along  the  hard  axis  is 
varied  for  various  constant  values  of  field  applied  along  the 
easy  axis.  The  point  at  which  the  400  Hz  term  is  minimized 
is  the  value  of  the  anisotropy  field.  For  this  sample  the  an¬ 
isotropy  field  is  approximately  7.9  Oe.  The  uncertainty  in  the 
value  arises  from  misalignment  of  the  easy  axis  of  the 
sample  and  the  axis  of  the  coils,  and  the  value  of  the  field 
can  only  be  resolved  to  0.2  Oe.  It  is  worth  noting  that  as  the 
average  field  is  increased  the  harmonic  strength  decreases 
since  the  magnetization  more  closely  follows  the  applied 
field. 

The  anisotropy  of  this  sample  was  also  measured  using  a 
M-H  looper  built  by  SHE  industries.  The  value  obtained  by 
the  M-H  looper  was  7.1  Oe.  This  value  differs  from  that 
measured  using  the  magnetostriction  instrument  because  in 
the  M-H  looper,  the  film  is  driven  with  a  field  much  lower 
than  that  needed  for  saturation,  therefore  the  value  of  //* 
obtained  by  this  method  is  suspect.'* 

The  round  isotropic  film  used  to  obtain  Fig.  2  was  cut 
into  a  rectangular  shape  and  measured  in  the  instrument.  The 
anisotropy  of  this  sample  is  almost  totally  due  to  shape  de¬ 
magnetization  effects.  Strictly  speaking,  the  demagnetizing 
field  is  nonuniform  in  the  rectangular  sample;  however,  its 
effect  was  estimated  by  considering  the  sample  to  be  a  gen¬ 
eral  ellipsoid  with  the  same  axial  dimensions  as  the  rect¬ 
angle.  From  this  approximation  the  anisotropy  due  to  demag¬ 
netization  effects  was  estimated  to  be  0.5  Oe.  The  measured 
value  of  anisotropy  was  1.4  Oe.  The  difference  between  the 


measured  and  estimated  values  is  most  likely  due  to  the  dif¬ 
ference  in  the  actual  demagnetization  of  a  rectangle  as  op¬ 
posed  to  an  ellipse. 

IV.  CONCLUSION 

The  high  sensitivity  of  the  rotating  field  interferometric 
magnetostriction  instrument  has  allowed  multiple  harmonics 
of  the  deflection  of  magnetostrictive  cantilevers  to  be  mea¬ 
sured.  By  employing  a  Stoner- Wohlfarth  model  it  has  been 
shown  that  these  harmonics  are  directly  related  to  the  sam¬ 
ple’s  anisotropy.  By  creating  an  elliptical  rotating  field  the 
harmonics  are  eliminated  and  the  anisotropy  field  deter¬ 
mined.  Measurement  of  the  anisotropy  field  of  a  permalloy 
sample  was  demonstrated. 
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New  complex  permeability  measurement  device  for  thin  magnetic  films 

S.  Hayano,  I.  Marinova,  and  Y.  Saito 

College  of  Engineering,  Hosei  University,  Kajino,  Koganei,  Tokyo  184,  Japan 

Previously,  we  have  proposed  a  strategic  dual  image  (SDI)  method  to  obtain  the  finite  element 
solution  of  open  boundary  magnetic  field  problems.  Also,  we  have  derived  a  complex  permeability 
from  a  Chua-type  magnetization  model.  Combination  of  this  complex  permeability  with  the  SDI 
method  is  now  applied  to  exploit  a  new  high  frequency  characteristic  measurement  device  for  thin 
magnetic  films.  Numerical  simulation  suggests  that  our  new  measurement  method  yields  far 
superior  results  compared  with  those  of  the  conventional  one. 


I.  INTRODUCTION 

At  high  frequency,  the  peak  flux  density  in  the  magnetic 
materials  is  sufficiently  small  that  both  the  flux  density  and 
field  intensity  are  sinusoidally  time  varying.  This  makes  it 
possible  to  employ  a  complex  permeability  representing  the 
magnetization  characteristics.  Previously,  we  proposed  a 
Chua-type  magnetization  model  based  on  the  magnetic  do¬ 
main  theory. Also,  this  Chua-type  model  was  successfully 
applied  to  derive  a  complex  permeability.* 

In  the  present  paper,  we  propose  one  of  the  novel  meth¬ 
ods  for  measuring  the  complex  permeability  of  thin  magnetic 
films.  The  measurement  principle  of  the  conventional 
method  is  that  the  mean  flux  density  fl  in  a  specimen  is 
obtained  from  a  difference  linkage  flux  between  the  detection 
and  correction  coils;  and  the  field  H  is  obtained  from  linkage 
flux  of  the  detection  coil.  Each  of  the  coils  of  the  conven¬ 
tional  mea.surement  method  is  that  the  detection  and  correc¬ 
tion  coils  are  arranged  in  parallel  in  the  exciting  coil.  In  the 
new  method,  the  detection,  correction,  and  exciting  coils  are 
coaxially  arranged  in  each  other,  and  tlie  flux  density  B  is 
"■  nilarly  obtained  as  those  of  the  conventional  one,  but  field 
intensity  //  in  a  specimen  can  be  obtained  by  extrapolating 
the  field  intensities  in  the  outer  and  inner  detection  coils. 
According  to  the  simulation  in  the  two-dimensional  (2D)  as 
well  as  axisymmetric  coordinate  systems,  it  is  suggested  that 
the  new  method  yields  the  extremely  higher  accurate  results 
compared  with  those  of  the  conventional  one. 

II.  FINITE  ELEMENT  SOLUTION  OF  OPEN  BOUNDARY 
HYSTERETIC  FIELDS 

A.  Complex  permeability 

At  high  frequ  ,!.-'’v,  it  is  possible  to  assume  that  both  the 
flux  density  and  field  intensity  are  sinusoidally  time  varying. 
This  is  because  the  peak  flux  density  in  tne  magnetic  mate¬ 
rials  is  sufficiently  small.  Thus,  it  is  possible  to  employ  a 
complex  permeability  representing  the  magnetization  charac¬ 
teristics.  Previously,  we  proposed  a  Chua-type  magnetization 
model  based  on  the  magnetic  domain  theory.*"^  Also  this 
c  ua-type  model  was  successfully  applied  to  derive  a  com¬ 
plex  permeability.*  A  Chua-type  magnetization  model  is 
given  by 

H+{pi,rls)dHldt={llpL)B  +  {\ls)dBldt,  (1) 


where  H,  B,  p,,  p, ,  and  s  are  the  field  intensity,  flux  density, 
permeability,  reversible  permeability,  and  hysteresis  coeffi¬ 
cient,  respectively.’"^  These  parameters  can  be  assumed  to 
take  the  constant  values  when  the  flux  density  B  as  well  p.s 
the  field  intensity  H  are  sinusoidally  time  varying.  When  we 
employ  a  complex  notation  d/dt=j(i),  the  complex  perme¬ 
ability  p(o))  is  derived  from  Eq.  (1)  as 

p{o})=BIH=  pui  to)  -jpiito)  =  (o^pp,)l{s^ 

+  bp-p^)]-jpm[(p~Pr)l{s~+(o-p^)'],  (2) 

where  ;  =  >/-!;  to^Ittf  (/frequency).  Figure  1  shows  an 
example  of  the  frequency  characteristics  of  the  complex  per¬ 
meability. 

B.  Strategic  dual  image  method 

For  simplicity,  let  us  consider  a  2D  magnetic  field  prob¬ 
lem  having  an  open  boundary.  The  key  idea  of  the  strategic 
dual  image  (SDI)  method  is  that  any  vector  fields  and  their 
field  sources,  respectively,  can  be  divided  into  two  compo¬ 
nents:  rotational  and  divergent.’"'®  Thereby,  it  is  possible  to 
exploit  a  method  by  which  the  rotational  and  divergent  com¬ 
ponents  can  be  obtained  by  imposing  the  rotational  and  di¬ 
vergent  field  source  images,  respectively.  In  magnetic  field 
problems,  the  rotational  and  divergent  field  sources  corre¬ 
spond  to  the  current  /  and  magnetic  charge  m  so  that  the 
rotational  field  component  can  be  obtained  by  imposing  the 
(Corresponding  image  current  as  shown  in  Fig.  2(a).  In  this 
case,  the  condition 

<t 

2  iiplrp)  =  Q  (3) 

p=i 

must  be  satisfied  at  the  center  of  a  circular  hypothetic  bound¬ 
ary  to  reduce  the  net  image  to  zero.  In  Eq.  (3),  q  and 
denote  the  number  of  source  currents  and  the  distance  from  a 
center  of  the  hypothetic  boundary  to  the  current  ip ,  respec¬ 
tively.  Equation  (3)  and  the  image  in  Fig.  2(a)  mean  that  the 
total  currents  in  the  problem  region  must  be  zero,  and  the 
vector  potentials  at  the  center  as  well  as  on  the  circular  hy¬ 
pothetic  boundary  must  be  zero.  Therefore,  the  calculation  of 
the  rotational  field  component  can  be  reduced  to  the  solution 
of  a  vector  potential  problem  having  zero  boundaiy  condi¬ 
tions  at  the  circular  hypothetic  boundary  and  the  center  of  its 
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FIG.  1.  Frequency  characteristics  of  /^^(w)  and  /X;(<u). 


FIG.  2.  (a)  The  rotational  field  source  image  -{dp/a)ip .  (b)  The  divergent 
field  source  image  -(dpla)mp . 


hypothetic  boundary.  Similarly,  it  is  possible  to  show  that  the 
calculation  of  the  divergent  field  component  can  be  reduced 
to  the  solution  of  a  scalar  potential  problem  having  zero 
boundary  conditions  at  the  circular  hypothetic  boundary  and 
the  center  of  the  hypothetic  boundary,  as  shown  in  Fig.  2(b). 
Obviously,  the  zero  boundary  condition  of  scalar  potential  U 
at  the  hypothetic  boundary  corresponds  to  the  symmetrical 
boundary  condition  of  vector  potential  A .  This  means,  if  we 
employ  the  vector  potential  A  to  represent  the  open  field, 
then  the  calculation  of  the  divergent  field  component  may  be 
reduced  to  the  solution  of  a  vector  potential  problem  having 
the  symmetrical  boundary  condition  at  the  circular  hypo¬ 
thetic  boundary  and  the  zero  boundary  condition  at  the  center 
of  the  hypothetical  boundary.  Thus,  the  open  boundary  field 
calculation  can  be  reduced  to  the  solution  of  zero  and  the 
symmetrical  boundary  problems  having  the  circular  hypo¬ 
thetic  boundary  for  two  dimensions  and  the  elliptic  hypo¬ 
thetic  boundary  having  an  axial  ratio  of  1.8  for  axisymmetri- 
cal  dimensions.’""  According  to  Ref.  11,  the  axial  ratio  1.8 
in  axisymmetrical  dimensions  could  be  determined  by  con¬ 
sidering  the  demagnetization  factor  of  the  elliptic  solid.  Fur¬ 
ther,  the  zero  condition  must  be  set  at  the  center  of  the  hy¬ 
pothetic  boundary  by  Eq.  (3)  for  both  zero  and  symmetrical 
boundary  problems. 


Exciting  coil  Exciting  coil 


Correction  coil  Detection  coil  Detection  coil 

(a)  Conventional  (b)  New 


FIG.  3.  The  2D  models  of  the  rneasurement  devices. 


FIG,  4.  Field  distributions  in  2D  models.  Specimen:  TDK  H5c2,  thickness; 
10  (/tm),  length:  10  (mm),  frequency  f=\0k  (Hz), 


C.  The  high  frequency  measurements  for  the  thin 
magnetic  fiims 

Figure  3  shows  the  2D  models  of  a  high  frequency  char¬ 
acteristic  measurement  device  for  the  thin  magnetic  films. 
The  measurement  principle  of  the  conventional  method  is 
that  the  mean  flux  density  £  in  a  specimen  is  obtained  from 
a  linkage  flux  difference  between  the  detection  and  correc¬ 
tion  coils;  and  the  field  H  is  obtained  from  the  linkage  flu  v.i 
the  detection  coil,  The  principle  may  be  correct  if  the  fields 
in  the  correction  and  detection  coils  distribute  in  parallel  to 
each  of  the  conection  and  detection  coil  axes.  However,  this 
condition  is  not  always  held  but  the  reasonable  field  distri¬ 
bution  is  distorted  by  the  specimen  in  the  detection  coil.  In 
order  to  overcome  this  difficulty,  we  propose  here  a  new 
method.  In  this  new  method,  the  flux  density  B  is  similarly 
obtained  as  in  the  conventional  one,  but  the  field  intensity  H 
in  a  specimen  can  be  obtained  by  extrapolating  the  field  in¬ 
tensities  in  outer  and  inner  detection  coils. 

Figure  4  shows  the  examples  of  the  field  distribution  in 
2D  models.  Obviously,  a  field  of  the  conventional  measure¬ 
ment  method  becomes  asymmetrically  distributed,  caused  by 
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FIG.  S.  Hysteresis  loops  of  a  thin  magnetic  film  in  two  dimensions.  Speci¬ 
men:  TDK  H5c2,  thickness:  10  (/utn),  length:  12  (mm). 
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FIG.  6.  Frequency  characteristics  of  the  complex  permeability.  Solid  lines; 
exact,  solid  dots:  simulated  in  the  axisymmetrical  dimensions  assuming  the 
slender  magnetic  bars  instead  of  thin  magnetic  films.  Specimen:  TDK  HSc2. 


the  specimen  in  the  detection  coil.  On  the  contrary,  a  field  of 
the  new  method  becomes  symmetrically  distributed.  This 
means  that  it  is  possible  to  extrapolate  the  field  intensity  H  in 
the  material  with  fairly  good  accuracy. 


Figure  5  shows  the  comparison  between  the  simulated 
and  exact  hysteresis  loops  in  two  dimension.  The  results  in 
Fig.  5  suggest  that  the  new  method  makes  it  possible  to 
measure  the  high  and  low  frequency  characteristics  of  the 
thin  films  with  higher  accuracy. 

As  shown  in  Fig.  6,  even  if  the  axisymmetrical  coordi¬ 
nate  system  assumes  the  slender  magnetic  bars  instead 
thin  magnetic  films,  it  is  obvious  that  the  new  method  pro¬ 
vides  fairly  good  results.  Also,  it  is  revealed  that  the  mea¬ 
sured  accuracy  becomes  higher  for  slender  magnetic  bars. 
This  is  because  the  magnetic  field  distribution  in  the  speci¬ 
men  becomes  not  uniform  for  thicker  magnetic  bars  due  to 
the  skin  effect. 

III.  CONCLUSION 

As  shown  above,  we  have  shown  that  the  finite  element 
solutions  of  open  boundary  hysteretic  field  problems  could 
be  evaluated  by  combining  the  SDl  method  with  complex 
permeability.  As  an  application  of  our  method,  the  new  high 
frequency  characteristic  measurement  device  for  the  thin 
magnetic  films  has  been  developed  to  get  more  accurate  re¬ 
sults  compared  with  those  of  the  conventional  one. 
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Element  specific  magnetic  microscopy  with  x  rays  (invited)  (abstract) 
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S.  Koranda,  D.  Dunham,  and  B.  P.  Tonner 

Synchrotron  Radiation  Center,  University  of  Wsconsin-Madison,  Stoughton,  Wisconsin  53589 

We  have  used  the  magnetic  circular  x-ray  dichroism  (MCXD)  technique  to  image  magnetic  domains 
with  a  spatial  resolution  of  1  fim.  The  experiments  employed  circularly  polarized  soft  x  rays  near 
the  edges  of  the  three-dimensional  (3d)  transition  metals  Co  (=780  eV)  and  Ni  (=850  eV)  and  a 
photoeraission  microscope  based  on  an  electrostatically  imaging  lens  system.  Element  specific 
contrast  is  obtained  by  tuning  to  a  specific  I  edge  resonance  (“white  line”)  and  imaging  the  number 
of  secondary  electrons  created  locally  near  the  surface  of  the  sample.  The  magnetic  contrast  arises 
from  the  fact  that  the  white  line  intensity  depends  on  the  relative  orientation  of  the  photon  spin  and 
the  local  magnetization  direction.  The  obtained  contrast  is  remarkably  large  (=20%)  such  that 
images  can  be  recorded  without  background  subtraction.  1  .lages  taken  at  the  I3  and  Z-2  resonance 
energies  give  reversed  contrast,  as  expected.  Because  of  the  long  x-ray  and  secondary  electron  mean 
free  paths,  images  can  be  recorded  for  buried  magnetic  layers  which  makes  this  new  technique 
especially  valuable  for  technological  applications. 


High  spatial  resolution  spin-polarized  scanning  electron 
microscopy  (abstract) 
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F.  Tomiyama,  H.  Aoi,  Y.  Shiroishi,  and  A.  Ishikawa 

Central  Research  Lab.,  Hitachi,  Ltd.,  Kokubunji,  Tokyo  1S5,  Japan 

Spin-polarized  scanning  electron  microscopy  (spin  SEM)  to  observe  magnetic  domains  has  the 
potential  for  spatial  resolution  as  high  as  10  nm.  The  best  resolution  from  spin  SEMs  attained  so  far, 
however,  is  around  50  nm.  In  this  talk,  we  report  a  newly  developed  spin  SEM  with  20  nm 
resolution.  The  major  factor  determining  the  resolution  of  a  spin  SEM  is  probe  diameter.  A  smaller 
probe  diameter,  however,  results  in  lower  probe  current.  This  is  a  serious  issue  in  spin  SEM  because 
the  efficiency  of  a  spin  detector  is  very  low.  Thus,  to  get  high  resolution  with  a  reasonable  signal/ 
noise  (S/N)  image,  higher  efficiency  in  the  spin  detector  and/or  higher  probe  current  are  needed  in 
addition  to  get  a  smaller  probe  diameter.  The  higher  probe  current  has  been  attained  by  using  a 
thermal  assisted  field  emission  cathode  in  an  electron  gun.  The  higher  efficiency  in  the  spin  detector 
was  achieved  by  increasing  the  acceptance  angle  of  electron  detectors  inside  the  spin  detector  and 
optimizing  both  a  secondary  collector  and  transport  optics.  Obtaining  a  smaller  probe  diameter 
required  a  low  abenation  objective  lens  and  a  short  working  distance.  Those  were  achieved  by 
computer  calculation  so  that  there  was  no  interference  between  the  objective  lens  and  the  secondary 
collector.  This  achieved  both  a  short  working  distance  of  20  mm  and  high  secondary  collection 
efficiency.  As  a  result,  magnetic  images  of  20  nm  resolution  with  a  25  keV  and  1  nA  probe  beam 
have  been  attained.  We  have  applied  this  spin  SEM  to  observing  recorded  bits  of  longitudinal  thin 
film  media  at  high  recording  densities. 
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An  analysis  of  magnetization  patterns  measured  using  a  magnetic  force 
scanning  tunneling  microscope  (abstract) 

E.  R.  Burke 

Laboratory  for  Physical  Science,  College  Park,  Maryland  20740 
R.  D.  Gomez  and  I.  D.  Mayergoyz 

Department  of  Electrical  Engineering,  Institute  for  Advanced  Computer  Studies,  University  of  Maryland, 

College  Park,  Maryland  20742 

In  a  previous  paper,*  we  made  a  complete  analysis  of  the  interaction  between  the  probe  tip  of  a 
magnetic  force  scanning  tunneling  microscope  (MFSTM)  and  the  magnetic  fields  emanating  from  a 
typical  recorded  pattern.  In  this  paper  we  show  how  the  magnetization  distribution  in  the  recorded 
media  can  be  determined  from  the  measurements  by  obtaining  expressions  for  the  magnetic  fields 
from  a  Fourier  series  expansion  for  the  recorded  magnetizations.  We  have  used  these  techniques  to 
find  the  mapetic  fields  from  many  different  distributions,  including  all  those  we  could  find  in  the 
literature.  TTie  probe  tip  displacement,  which  is  the  quantity  measured  using  the  MFSTM,  can  be 
calculated  using  these  magnetic  fields.  The  results  can  then  be  compared  to  the  experimental  data. 

For  one  set  of  experiments  on  high  density  recording  we  have  found  that  the  best  fit  is  with  a 
mrgnetization  that  has  a  modified  arctan  transition.  The  modification  eliminates  the  discontinuity  in 
the  slope  of  the  transitions  as  they  are  joined  together,  giving  a  more  realistic  representation  of  the 
magnetic  distribution.  The  transition  width  can  then  be  used  as  an  adjustable  parameter  to  find  the 
best  fit  to  the  data.  The  MFSTM  can,  therefore,  be  used  as  a  quantitative  tool  to  find  the  magnetic 
recording  transition  widths.  These  theoretical  techniques  are  not  necessarily  restricted  to  the  use  of 
a  MFSTM,  but  can  be  applied  to  other  problems  in  magnetic  recording.  For  instance,  we  show  how 
the  probe  tip  displacement  corresponds  to  the  flux  picked  up  by  a  conventional  read  head.  The 
response  of  the  head  as  a  function  of  different  magnetization  patterns  can  then  be  studied  and 
compared  to  experimental  results.  The  measurable  quantities  are  expressed  in  Fourier  series  but  we 
show  how  these  series  can  be  easily  evaluated  with  a  PC  and  the  appropriate  software. 


‘E.  R.  Burke,  R.D.  Gomez,  A.  A,  Adly,  and  I.  D.  Mayergoyz,  "Analysis  of 
Tunneling  Magnetic  Force  Microscopy  Using  a  Flexible  Triangular 
Probe,”  IEEE  Trans.  Magn.  28.  3135  (1992). 
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Magnetic  force  microscopy  of  single  crystal  magnetite  (Fe304)(abstract) 

R.  Proksch®’  and  S.  Foss®’ 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  Minneapolis,  Minnesota  55455 

C.  Orme 

Department  of  Physics,  University  of  Michigan,  Ann  Arbor,  Michigan 

S.  Sahu  and  B.  Moskowitz 

Institute  for  Rock  Magnetism,  University  of  Minnesota,  Minneapolis,  Minnesota  55455 

The  micromagnetic  domain  structure  of  a  magnetite  (Fe304)  single  crystal  has  been  studied  using  a 
magnetic  force  microscope  (MFM).  The  MFM  responds  to  the  perpendicular  component  of  the  stray 
field  above  the  magnetite  surface.  The  sample  was  polished  in  the  (Oil)  plane.  In  this  case,  there  are 
two  easy  magnetic  axes  parallel  to  the  surface.  Surface  domains  observed  near  cracks  and  edges 
have  a  complex  closure  structure  (see  Fig.  1),  while  walls  seen  far  from  such  boundaries  have  a 
sinusoidal  structure.  Of  particular  interest  is  the  presence  of  walls  with  either  even  or  odd  symmetry 
of  the  perpendicular  stray  field  component  across  the  transition.  These  can  be  conventionally 
modeled  as  Bloch  or  Neel  walls,  respectively.  Both  types  of  walls  have  been  modeled  and  compared 
with  the  experimentally  observed  structures.  We  find  the  Bloch  domain  walls  to  be  about  300  nm 
wide,  nearly  twice  the  value  expected  from  bulk  wall  calculations.  This  distinction  is  consistent  with 
a  surface  broadening  of  the  domain  wall  due  to  magnetostatic  effects.' 


•’Work  sponsored  by  ONR  Grant  No.  N00014-89-J-1355. 

'  M.  R.  Scheinfein,  J.  Unguris,  R.  J.  Celotia,  and  D.  T.  Pierce,  Phys.  Rev. 
Lett.  63,  668  (1989), 


FIG.  1.  MFM  image  of  domain  walls  in  a  single  crystal  of  magnetite.  Bloch 
walls  around  closure  structures  arc  clearly  visible  The  domain  walls  arc  an 
average  of  300  nm  wide.  The  white  scale  bar  in  the  lower  left  is  12  pm. 


6892 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021  S979mn5{^  0)/6892/1/$6.00 


©  1994  American  Institute  of  Physics 


Interpretation  of  magnetic  force  microscopic  images  (abstract) 

Atsushi  Kikukawa,  Hiroyuki  Awano,  Sumio  Hosaka,  Yukio  Honda,  and  Ryo  Imura 

Central  Research  Laboratory,  Hitachi,  Ltd.,  1-280  Higashi-koigakubo,  Kokubunjishi,  Tokyo  185,  Japan 

The  authors  have  developed  a  magnetic  force  microscope  (MFM)  which  works  in  a  vacuum.  By 
detecting  the  cantilever  resonance  frequency  directly,  it  takes  full  advantage  of  the  improved 
cantilever  resonance  quality,  lowered  noise  level,  and  improved  resolution,  due  to  reduction  of  the 
air  resistance  that  the  cantilever  suffers.  Detailed  obsemtions  on  various  magnetic  recording  media 
were  made  employing  this  instrument.  An  obstacle  in  interpreting  the  MFM  images  is  that  they 
contain  both  the  magnetic  image  and  the  surface  corrugation  (directly  related  to  the  atomic  force) 
since  the  cantilever  detects  both  magnetic  and  atomic  force  at  the  same  time.  One  solution  for  this 
is  to  compare  the  images  of  the  same  region  observed  at  different  tip  to  sample  spacings  because  the 
contrast  due  to  the  magnetic  force  decreases  as  the  tip  to  sample  spacing  reduces.  We  confirmed  that 
this  decrement  in  magnetic  contrast  occurs  due  to  the  effects  of  the  atomic  force  by  predicting  the 
MFM  image  theoretically,  utilizing  a  model  which  has  taken  in  the  effect  of  the  atomic  force 
estimated  by  an  experiment.  An  example  among  the  analyses  on  various  magnetic  recording  media 
is  the  analysis  of  the  magneto-optical  (MO)  disks  which  have  undergone  the  heat  cycle  test.  The 
MFM  revealed  the  existence  of  irregular  shaped  domains,  which  were  not  observed  with  the 
conventional  methods  (Kerr  effect  microscopes)  in  the  badly  damaged  regions.  This  information 
was  helpful  in  detecting  the  deterioration  that  occurred  to  the  magnetic  layer.  The  authors  are 
convinced  that  MFM  would  become  a  powerful  and  convenient  tool  for  analyzing  magnetic 
recording  media. 


The  rc,scarch  of  R,  Imura  was  supported  by  the  Japan  Key  Technology 
Center. 
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Giant  Magnetoresistance  in  Granular  Materials 


M.  R.  Parker,  Chairman 


Determination  of  para-  and  ferromagnetic  components  of  magnetization 
and  magnetoresistance  of  granular  Co/Ag  films  (invited) 

Mary  Beth  Stearns  and  Yuanda  Cheng®' 

Department  of  Physics  and  Astronomy,  Arizona  State  University,  Tempe,  Arizona  85287 

Several  series  of  thin  films  (~3000  A)  were  fabricated  by  coevaporation  of  Co  and  Ag  in  a  dual 
e-beam  UHV  system  at  substrate  temperatures,  T g ,  between  300  and  500  K.  The  composition  was 
varied  between  23  and  54  at.  %  Co.  The  maximum  measured  magnetoresistance  was  31%  at  loom 
and  67%  at  nitrogen  temperature.  Magnetization  and  Rutherford  backscattering  measurements 
showed  that  the  Co  and  Ag  atoms  are  completely  segregated  for  films  deposited  at  Tg^^OO  K.  The 
magnetoresistance  (MR)  and  magnetization  curves  have  been  analyzed  taking  into  account  both  the 
paramagnetic  (PM)  and  ferromagnetic  (FM)  contributions  that  are  observed  to  be  present.  The  films 
having  ^32  at.  %  Co  are  entirely  paramagnetic.  The  fraction  of  Co  atoms  in  the  ferromagnetic 
component  increases  monotonically  with  increasing  Tg  and/or  at.  %  Co.  The  average  radii  of  the  PM 
granules  in  the  films  having  an  MR  effect  of  25%-31%  are  ~20-22  A  with  a  minimum  average 
separation  of  ~10  A.  The  large  MR  values  attained  in  both  the  PM  and  FM  components  are 
attributed  to  the  small  effective  domain  sizes,  ~40-50  A.  The  MR  values  are  large  because  the  MR 
effect  varies  inversely  as  the  mean-free-path  for  magnetic  boundary  scattering  which  is  the  average 
distance  between  domain  boundaries.  The  variation  of  the  resistive  and  magnetic  behavior  of  the 
films  was  also  studied  as  a  function  of  the  annealing  time  for  an  annealing  temperature  of  300  °C. 

A  striking  behavior  seen  in  these  films  is  the  long  relaxation  times  when  a  FM  component  is  present. 


INTRODUCTION 

The  Co^Agi_;f  system  has  been  found  to  be  an  ideal 
prototypical  system  to  study  in  order  to  examine  the  origin  of 
the  “giant”  room  temperature  magnetoresi.stance  (GMR)  ef¬ 
fect  which  has  been  seen  to  occur  in  a  wide  variety  of 
multilayer  and  granular  nanostructures.  The  feature  that 
makes  this  system  ideal  is  that  the  Co  and  Ag  segregate 
e.ssentially  completely  under  the  proper  fabrication  condi¬ 
tions.  This  segregation  occurs  because  the  surface  free 
energy'  of  Co  (2.71  J/m^)  is  more  than  twice  that  of  Ag  (1.30 
J/m^)  causing  the  Co  to  cluster.  There  is  a  very  poor  lattice 
match  since  fee  Ag  has  a  lattice  parameter  that  is  15%  larger 
than  that  of  fee  Co.  The  heat  of  formation  between  Co  and 
Ag  is  positive  (+26  kJ/g  atom)  so  that  there  is  no  tendency 
for  formation  of  the  compound  CoAg  or  for  alloying." 

The  COjCui  system  is  less  favorable  for  complete  seg¬ 
regation  since  all  three  of  these  effects  are  smaller;  the  sur¬ 
face  free  energy  of  Cu  (1.93  J/m^)  is  closer  to  that  of  Co,  the 
lattice  mismatch  is  only  2%.  and  the  heat  of  formation  CoCu 
is  + 13  kJ/g  atom. 

We  have  found  that  the  Co/Ag  evaporated  films  that  are 
codeposited  at  substrate  temperatures  that  are  high  enough  so 
that  the  adatoms  have  appreciable  mobility  are  completely 
segregated^  as  Co  globules  embedded  in  a  Ag  matrix. 

Ironically,  the  granular  structures  are  simpler  and  more 
amenable  to  modeling  than  the  complex  structures  obtained 
when  alternately  depositing  layers  of  nonlattice-matched  ma¬ 
terials.  TEM  micrographs  of  many  such  multilayer  systems 


'’Presently  at  Akashic  Memories  Corporation,  San  Jose,  CA  95134. 


have  shown  that  usually  only  the  first  few  bilayers  are  lay¬ 
ered  and  that  strong  columnar  growth  and  severe  intermixing 
occurs  farther  from  the  substrate.  Thus,  in  general,  multilayer 
structures  are  intermediate  between  layered  and  granular 
structures  which  causes  them  to  be  difficult  to  model  in  a 
credible  manner. 

At  concentrations  of  less  than  ~35  at.  %  Co  the  Co/Ag 
granular  structures  can  be  thought  of  as  pure  superparamag- 
net  single  domain  Co  globules  embedded  in  a  Ag  matrix.  The 
large  magnetoresistance  values  (31%  at  room  temperature 
and  67%  at  77  K)  are  due  to  tht  -ame  mechanism  respon¬ 
sible  for  the  low  field  (<20  kOe)  magnetoresistance  in  pure 
ferromagnets.'*  Namely,  the  conduction  electrons  of  Co  are 
predominately  highly  polarized  itinerant  d  electrons  that  are 
strongly  scattered  at  the  magnetic  boundaries  between  re¬ 
gions  of  different  magnetization  directions.  In  the  granular 
and  layered  structures  the  room  temperature  MR  is  much 
larger  than  that  of  the  pure  ferromagnets  because  the  domain 
size  has  been  greatly  reduced  from  the  micrometer  range, 
typical  of  pure  ferromagnets,  into  the  nanometer  range. 

The  other  proposed  mechanism  for  the  origin  of  the 
GMR,  spin-dependent  scattering  from  solutes  of  the  non¬ 
magnetic  material  in  the  magnetic  component,^  is  inappli¬ 
cable  to  the  Co/Ag  system,  since  there  is  a  negligible  con¬ 
centration  of  Ag  atoms  in  the  Co  globules.  Moreover,  since 
the  spin-dependent  resistivities  of  the  transition  metals  are 
similar  for  Fe,  Co,  and  Ni  hosts,®  the  spin-dependent  scatter¬ 
ing  rates  of  Ag  solutes  are  likely  to  be  about  the  same  as  for 
Cu  solutes  in  Ni.  When  properly  analyzed  by  taking  into 
account  that  the  conduction  electrons  of  the  FM  transition 
metals  are  predominately  highly  polarized  d  electrons  it  is 
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found  that  for  Cu  the  spin-up  and  -down  scattering  rates  are 
essentially  the  same7 

We  have  previously  analyzed  the  magnetization  and  MR 
behavior  of  the  Co/Ag  system  in  terms  of  the  Co  globules 
being  mainly  superparamagnetic.^  However,  at  Co  concen¬ 
trations  >35  at.  %  this  system  also  clearly  has  a  ferromag¬ 
netic  component.  The  maximum  room  temperature  MR  val¬ 
ues  are  found  at  Co  concentrations  where  the  films  are  Just 
beginning  to  exhibit  a  ferromagnetic  component.  In  this  pa¬ 
per  we  determine  and  take  into  account  the  ferromagnetic 
component  in  the  films. 

A  striking  effect  seen  in  the  MR  behavior  when  a  ferro¬ 
magnetic  component  is  present  is  very  long  relaxation  times; 
sometimes  several  minutes.  This  is  due  to  the  many  different 
energy  states  available  by  connecting  the  globules  through 
different  paths.  Therefore,  upon  changing  the  applied  field 
the  time  needed  to  establish  the  minimum  energy  configura¬ 
tion  becomes  very  long. 


S 

3 

S 

s 


H  (Ot) 


II.  EXPERIMENTAL  DETAILS 

Several  series  of  Co^^ Agj  and  pure  element  films  were 
prepared  by  coevaporation  of  Co  and  Ag  in  a  dual  e-beam 
gun  UHV  deposition  system.  The  nominal  thickness  of  the 
films  was  ~3000  A.  High  purity  single  crystal  Si  wafers  with 
an  oxidized  surface  layer  were  used  as  the  substrates.  The 
deposited  samples  consisted  of  a  square  of  ~  2  cm  on  a  side 
and  a  dumbbell  pattern  with  a  small  neck  of  ~0.2  mmX5 
mm  for  resistance  measurements.  The  exact  dimensions  were 
determined  by  profilimeter  measurements.  In  order  to  study 
changes  in  the  microstructure  the  substrate  temperature,  Tg, 
was  varied  from  room  temperature  (RT)  to  500  K.  The  depo¬ 
sition  rate  of  Co  was  kept  constant  at  0.6  A/s  while  the  Ag 
rate  was  varied  from  0.5  to  2  A/s  in  order  to  change  the 
composition  of  the  films. 

A  Rigaku  D/Max-IIB  x-ray  diffractometer  with  Cu  Ka 
radiation  was  used  to  study  the  grain  size  and  crystal  orien¬ 
tation  of  the  films.  The  Co  and  Ag  were  found  to  be  fee  with 
preferential  growth  in  the  (111)  direction.  The  atomic  com¬ 
positions  were  deduced  from  the  evaporation  rates  and  were 
further  confirmed  by  Rutherford  backscattering  (RBS).  RBS 
also  measures  the  areal  densities,  which  when  combined  with 
the  measured  film  thickness  (from  profilimeter  measure¬ 
ments),  allowed  an  evaluation  of  the  fraction  of  voids  in  the 
films.  Studies  of  the  morphology  of  the  films  were  made 
using  cross-sectional  electron  microscopy.  Irregular  globular 
structures  containing  many  voids  (consistent  with  the  conclu¬ 
sions  from  the  magnetic,  resistance,  and  RBS  measurements) 
were  observed  but  in  general  the  images  were  not  very  in¬ 
formative  because  of  the  random  nature  of  granular  struc¬ 
tures. 

The  magnetization  curves  were  measured  on  small  rect¬ 
angles  using  a  vibrating  sample  magnetometer  whose  maxi¬ 
mum  field  was  10  kOe.  The  magnetoresistance  was  mea¬ 
sured  on  the  dumbbell  shaped  samples  using  the  four-probe 
method  in  a  field  varying  up  to  14  kOe.  The  four  probes  were 
gold  plated  stop  balls  which  were  connected  to  a  digital  volt¬ 
meter  supplying  a  constant  current  of  10  mA.  The  resistivity 
was  found  to  be  independent  of  the  size  of  the  current.  Re¬ 
sistance  measurements  were  made  at  both  room  and  liquid 


FIG.  1.  Deconvolution  of  the  measured  total  magnetization  curves  into  their 
ferromagnetic  and  superparamagnetic  components  for  the  series  deposited  at 
450  K.  The  insets  show  total  and  FM  magnetizations  near  H=0.  Note  that 
the  He  values  of  the  ferromagnetic  components  arc  larger  than  those  of  the 
total  curves. 


N2  temperatures  (NT).  The  magnetoresistance  (MR)  mea¬ 
surements  were  made  for  the  applied  field,  H,  in-plane  and 
perpendicular  to  the  film  and  with  the  current  both  transverse 
(TMR)  and  parallel  (LMR)  to  the  field. 


III.  MAGNETIZATION  BEHAVIOR 


At  room  temperature  a  ferromagnetic  (FM)  component 
began  to  appear  in  the  magnetization  curves  of  the  films  with 
>35  at.  %  Co.  With  increasing  Co  concentration  the  FM 
component  and  the  coercive  field,  ,  increased.  Excellent 
fits  were  made  to  the  magnetization  curves,  M-p(H),  using 
the  general  fit  procedure  of  Kaleidagraph  with  a  function 
made  up  of  a  FM  and  a  superparamagnetic  (SP)  part  as  fol¬ 
lows: 
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TTie  first  term  is  the  usual  function  used  to  represent  a  FM 
hysteresis  curve.  The  second  term  is  the  usual  expression  for 
an  SP  component.  A/p^,  and  A/|p  =  Ng/i,  are  the  saturation 
magnetization  of  the  FM  and  SP  parts.  S  is  the  squareness  of 
the  ferromagnetic  loop,  i.e.,  the  ratio  of  the  remanent  mag¬ 
netization,  Mk,  to  Mpy.  The  average  moment  per  globule, 
jj,,  and  number  of  Co  globules/cm^,  Ng ,  in  the  SP  fi-action 
are  obtained  from  the  second  term.  Typical  fits  to  the  mag¬ 
netization  curves  are  shown  in  Fig.  1  for  the  series  deposited 
at  a  substrate  temperature  of  450  K.  The  films  are  identified 
by  the  notation  at.  %  Co-substrate  temperature. 
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FIG.  2.  Variation  of  total  saturation  moment,  Mj,  the  ferromagnetic  fraction 
of  the  total  moment  in  %,  and  the  coercive  field,  with  at.  % 

Co.  The  saturation  magnetization  values  for  pure  Co  films  deposited  at  300 
and  500  K  are  indicated  on  the  upper  right  side  of  the  graph. 
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A.  As-prepared  films 

The  variation  of  the  total  saturation  magnetization  A/f, 
the  ferromagnetic  fraction  in  %,  and  with  at.  %  Co  are 
shown  for  each  of  the  substrate  temperatures  in  Fig.  2.  From 
high  resolution  TEM  images  of  many  metallic  multilayer 
systems  we  have  found  that  evaporated  films  deposited  at  a 
substrate  temperature  of  300  K  are  composed  of  small, 
jumbled  crystallites  giving  rise  to  very  poorly  defined 
structures.*  This  is  due  to  the  adatoms  not  having  sufficient 
mobility  to  form  well-ordered  structures.  We  see  here  that 
this  causes  low  M\  values  and  erratic  behavior  in  the  FM 
fraction.  The  values  for  pure  Co  films  of  the  same  thick¬ 
ness  as  the  granular  films  deposited  at  300  and  500  K  are 
indicated  on  the  right-hand  side.  As  has  been  discussed 
previously^  all  of  these  evaporated  films  contain  about  20% 
voids.  This  was  determined  from  magnetization  saturation 
measurements,  Rutherford  backscattering  measurements, 
profilimeter  film  thickness  measurements,  and  the  known 
deposition  rates.  Such  a  void  fraction  is  not  unusual  for 
evaporated  films  of  a  thickness  of  ~3000  A.  From  such  con¬ 
siderations  we  conclude  that  for  films  with  sufficient  mobil¬ 
ity  of  the  adatoms  (75^450  K)  essentially  all  the  Co  is  in 
the  globules  with  each  Co  atom  having  a  full  bulk  moment  of 
1.12 fig.  Discounting  the  anomalous  behavior  of  the  films 
deposited  at  300  K  we  see  that  the  ferromagnetic  fraction  of 
the  films  increases  with  increasing  Co  content.  The  val¬ 
ues  also  increase  with  increasing  Co  content  with  the  values 
obtained  from  the  deconvolution  of  the  magnetization  curves 
naturally  being  larger  than  the  M=0  values  of  the  raw  data. 

The  number  of  Co  atoms  per  globule,  Nq,,  in  the  SP 
fraction  is  given  by  A^co=/i//ic6.  Typical  values  for  the  films 
showing  the  larger  MR  values  were  3000-4000  Co  atoms 
per  globule.  The  average  volume  per  globule,  Vg ,  is  given  by 


FIG.  3.  Variation  with  Co  concentration  of  the  average  globule  radii  rs ;  side 
R  of  9  cubical  volume  containing  the  globule  and  the  average  minimum 
distance  between  globules,  /Agmm.  for  file's  coevaporated  at  various  sub¬ 
strate  temperatures. 


Vg-NcoVco  -  We  use  the  bulk  volume  per  Co  atom  (11.1  A^) 
for  Kco  since,  although  the  voids  alter  the  average  density  of 
the  films,  the  Co  globules  and  Ag  matrix  are  assumed  to  have 
essentially  their  bulk  densities.  As  a  first  approximation  let 
us  model  the  system  by  assuming  that  the  globules  are 
spherical.  We  can  then  obtain  the  average  radius  of  the  glob¬ 
ules,  rj,  from  Vg .  The  average  number  of  globules  per  cm^ 
is  given  by  Ng  =  M^fljx.  Since  the  Co  and  Ag  only  occupy 
~80%  of  the  volume  of  the  films  the  average  volume  that  a 
globule  occupies  is  0.80/Ag.  Assuming  a  cubic  shape  for 
this  volume  we  obtain  an  average  value  for  a  side  of  this 
cube,  R.  A  quantity  of  interest  is  the  average  minimum  thick¬ 
ness  of  Ag  between  the  globules;  given  by  fAgmin~^~2r5. 
We  show  the  variations  of  ,  R,  and  r^g  mm  with  Co  concen¬ 
tration  in  Fig.  3.  We  see  that  tends  to  increase  with  in¬ 
creasing  Co  content  while  R  is  quite  constant.  This  results  in 
fAgmm  decreasing  as  the  fraction  of  Co  increases.  Whereas 
the  films  deposited  at  7’s25  400  K  are  quite  similar  in  their 
fAgmin  Variation  the  films  deposited  at  300  K  are  again 
anomalous.  Since  the  globules  are  more  likely  to  touch  as  the 
at.  %  Co  increases  the  FM  component  also  increases.  Thus, 
the  observed  behavior  of  the  FM  component  agrees  well  with 
the  globular  sizes  and  separation  which  are  derived  from  the 
SP  parameters. 

In  order  to  investigate  the  assumption  that  the  globules 
are  spherical  we  considered  the  effect  of  the  globules  being 
ellipsoids  of  revolution  with  a  eccentricity  of  10%;  i.e.,  the 
minor  axes  are  0.9  of  the  major  axis.  For  this  case  the  varia¬ 
tion  of  the  major  axis  is  only  7%  greater  than  the  radius  of  a 
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TABLE  I,  Parameters  obtained  from  fitting  the  magnetization  curves  of  the 
annealed  films.  The  last  column  is  the  ratio  of  the  ferromagnetic  volume  of 
the  film  to  the  total  volume. 


M‘r 

(G) 

(Oe) 

No, 

ll) 

R 

(A) 

V^/V^ 

As-prepared 

720 

0.0 

32-300 

0 

3520 

21.0 

66.5 

0.00 

1st  anneal 

740 

0.23 

32 

4720 

23.2 

82.6 

0.05 

2nd  anneal 

960 

0.42 

38 

3650 

21.0 

76.7 

0.10 

As-prepared 

980 

0.53 

41-300 

30 

3300 

20.6 

66.7 

0.16 

1st  anneal 

1000 

0.26 

122 

9810 

29.4 

89.2 

0.08 

2nd  anneal 

1300 

0.30 

98 

8400 

28 

80.0 

0.10 

As-prepared 

1160 

0.08 

37-450 

38 

3040 

20.1 

50.6 

0.02 

1st  anneal 

1200 

0.20 

137 

3890 

24. 

61.2 

0.06 

sphere.  This  would  cause  little  difference  to  the  average  dis¬ 
tance  between  globules.  However,  in  the  ellipsoidal  case 
there  may  be  geometric  effects  due  to  the  ellipsoids  aligning 
as  flat  discs  parallel  to  the  plane  of  the  film. 

B.  Annealed  films 

The  effects  of  annealing  were  studied  by  heating  a  few 
selected  films  at  300  "C  for  one-half  hour  intervals.  We  chose 
two  films  deposited  at  300  K  (32-300  and  41-300)  which 
we  knew  were  composed  of  small  jumbled  crystallites.  Thus, 
for  these  the  annealing  should  markedly  improve  the  struc¬ 
ture  and  segregation  of  the  Co  and  Ag.  For  comparison  we 
also  annealed  the  film  showing  the  largest  MR  effect,  37- 
450.  The  results  are  listed  in  Table  1.  It  can  be  seen  that  in 
general  for  the  films  prepared  at  300  K  all  the  parameters 
listed  tend  to  increase  with  annealing.  This  indicates  that  the 
main  effect  of  annealing  is  to  better  segregate  the  Co  and  Ag. 
The  annealing  of  the  optimum  film  37-450  causes  little 
change  in  My  but  an  increase  in  the  FM  fraction  and  all  the 
other  parameters.  However,  as  is  seen  in  the  next  section, 
there  is  little  change  in  the  MR  value  of  this  film  with  an¬ 
nealing. 

IV.  MAGNETORESISTANCE  BEHAVIOR 

The  variation  of  the  resistance  with  applied  field,  H,  was 
measured  at  RT  and  NT  with  H  in-plane  and  perpendicular  to 
the  films.  For  the  superparamagnetic  films  the  transverse 
magnetoresistance  (current  1//,  TMR)  was  of  the  same  mag¬ 
nitude  but  slightly  broader  for  H  perpendicular  to  the  film. 
For  an  in-plane  field  the  longitudinal  magnetoresistance, 
LMR  (current  ||//)  was  slightly  different  than  that  of  the 
TMR.  This  difference,  the  anisotropic  magnetoresistance 
AMR=LMR-TMR,  was  essentially  the  same  for  all  films 
and  had  a  maximum  value  of  about  the  same  magnitude  as 
for  pure  Co  films;  i.e.,  ~1%.  The  behavior  of  this  difference 
is  in  agreement  with  the  proposed  mechanism  for  its  origin, 
namely,  that  it  arises  because  of  the  anisotropic  shape  of  the 
electronic  density  of  the  d  electrons  due  to  the  spin-orbit 
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FIG.  4.  Typical  deconvolutions  of  the  TMR  curves  into  their  FM  and  SP 
components  for  the  450  K  series.  The  insets  show  the  FM  components  near 
H=0. 


coupling.’’'*^  This  causes  the  cross-sectional  area  for  scatter¬ 
ing  at  high  H  to  be  larger  for  the  LMR  geometry  than  for  the 
TMR  geometry. 

The  magnetoresistance  is  here  defined  to  be 

MR  —  [^(H)  — /  Rniin  “  [p(^)  ~Pmin  J^Pmin  ~  ^P/Pmiii' 
Since  our  maximum  field  of  14  kOe  was  not  sufficient  to 
reach  for  these  granular  films  we  determined  its  value  in 
the  following  manner:  For  films  that  were  entirely  superpara¬ 
magnetic  the  whole  curve  was  fit  with  the  sum  of  two 
Lorentzian  functions  using  KaleidaGraph.  Only  the  part  of 
the  wings  that  had  no  hysteresis  was  fit  in  the  same  manner 
for  MR  curves  having  an  FM  component.  The  entire  SP  com¬ 
ponent  was  then  calculated  using  the  parameters  determined 
from  the  wings  and  the  FM  component  obtained  by  subtract¬ 
ing  the  SP  component  from  the  total  measured  MR  curve.  It 
was  required  that  the  FM  component  be  positive.  Deconvo¬ 
lutions  of  the  450  K  series  TMR  curves  into  their  FM  and  SP 
components  are  shown  in  Fig.  4.  Also  shown  are  insets  of  the 
FM  components. 

It  was  found  that  all  the  films  that  had  a  FM  component 
in  the  magnetization  curves  also  had  a  FM  component  in  the 
MR  curves.  Some  of  the  parameters  characterizing  the  MR 
curves  are  listed  in  Table  II.  In  order  to  compare  the  various 
films  we  have  converted  the  R  values  into  resistivities,  p.  In 
Table  II  we  list  pmi„,  the  Ap’s  (Ap(r,FM,sp)  = 

-  Pmin).  the  maximum  MR  values  MRf  =  Ap]r/pmin)>  end  the 
fields  corresponding  to  the  peak  of  the  total  TMR  curve  Hp 
and  the  ferromagnetic  component  //™.  Unless  otherwise 
noted  the  data  are  for  room  temperature  measurements  and 
the  SP  contributions  are  fit  to  the  portion  of  the  data  for 
//^|2000|  Oe. 

The  full-width  at  half-maximum  of  the  total  MR  curves 
for  films  deposited  at  2=400  K  were  ~6000  Gauss  for  30-35 
at.  %  Co  and  decreased  with  increasing  Co  content.  The  larg¬ 
est  decreases  were  seen  in  the  films  deposited  at  higher  tem- 
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TABLE  11.  The  resistivities,  MRf  values  and  peak  positions,  and  ™ 
for  the  deconvolved  MR  curves.  The  resistivity  values  are  in  fi£i  cm.  In  die 
sample  labels  T  indicates  TMR  and  L  indicates  LMR  geometries. 


Sample 

Pmio 

4pr 

4pfm 

Apsp 

MR). 

(%) 

h; 

(Oe) 

5 

(Oe) 

32T 

26.46 

4.70 

300  K 

0.0  4.70 

17.8 

0 

32T  1  ann* 

12.61 

3.33 

0.40 

2.93 

20.9 

10 

10 

32T  2  aim* 

11.91 

2.75 

0.31 

2.43 

23.0 

10 

10 

41T 

23.64 

3.78 

0.33 

3.25 

15.1 

130,210 

160,250 

41T 1  ann" 

12.82 

2.49 

0.19 

2.30 

19.4 

-0 

~0 

41T2ann'’ 

12.13 

2.27 

0.52 

1.73 

18.7 

30 

35 

47T“ 

27.20 

2.93 

0.22 

2.74 

10.8 

350,550 

400,575 

47L''‘‘ 

27.50 

2.86 

0.10 

2.82 

10.4 

500,600 

700,800 

47T  1  ann 

12.36 

1.43 

0.49 

1.00 

11.6 

20 

20 

47LNr-‘''' 

20.68 

3.42 

0.51 

2.98 

16.6 

500,900 

600,1150 

53.5'r'' 

26.51 

1.40 

0.27 

1.13 

5.3 

80 

80 

23T 

14.57 

3.34 

400  K 

0.0  3.34 

22.9 

0 

35T 

15.69 

4.26 

0.0 

4.26 

27.1 

0 

41T* 

15.45 

4.50 

0.53 

3.98 

29.1 

60 

70 

48T 

15.67 

3.44 

0.56 

2.91 

22.0 

210 

210 

48T  1  ann 

12.07 

2.10 

0.38 

1.76 

17.4 

270 

320 

48TNT* 

12.28 

5.27 

1.38 

4.40 

43.0 

780 

850 

48T  NT  1  ann' 

7.93 

3.71 

0.74 

3.20 

46.7 

790 

850 

32T 

11.80 

3.30 

450  K 

0.0  3.30 

28.0 

0 

32TNT‘ 

8.66 

5.81 

1.88 

4.00 

67.1 

0 

1500 

377” 

13.49 

4.25 

0.35 

3.90 

31.5 

40 

60 

37T  1  ann 

10.94 

3.26 

0.67 

2.59 

29.8 

100 

no 

37TNT' 

10.17 

6.79 

1.18 

6.30 

66.8 

700 

1000 

46T 

12.32 

2.74 

0.58 

2.29 

22.2 

290 

340 

5  IT 

16.52 

2.28 

0,37 

2.06 

13.8 

170 

200 

51TNT 

11.00 

2.82 

0.52 

2.44 

25.6 

240 

600 

33T 

12.35 

3.08 

500  K 

0.0  3.08 

25.0 

0 

38T 

11.58 

3.20 

0.59 

2.62 

27.6 

160 

200 

44T 

10.25 

1.94 

0.69 

1.38 

19.0 

250 

290 

44TNr 

6.93 

3.02 

0.93 

2.17 

43.5 

340 

410 

'Dimensions  of  the  sample  changed  less  than  1%. 

‘’Dimensions  of  the  sample  changed  less  than  3%. 

'Double  peak  at  low  fields. 

'*FM  has  a  negative  dip  due  to  AMR  contribution. 

'SP  curve  fit  for  //2»|4000|  Oe. 

'iWo  shoulders  surrounding  the  main  peak  in  FM  component. 

‘SP  curve  fit  for //2>|1000|  Oe. 

''SP  curve  fit  with  only  one  Lorentzian. 

■SP  curve  fit  for //&|3000|  Oe. 

''SP  curve  fit  with  one  Lorentzian  and  //^|6000|  Oe,  FM  is  double  peaked. 
■“SP  curve  fit  for 1500|  Oe. 

“SP  curve  fit  with  one  Lorentzian  and  i/^|4000|  Oe. 


peratures,  e.g.,  the  44-500  film  had  a  half-width  of  ~3000 
Gauss.  As  seen  in  Fig.  4  the  half-widths  of  the  FM  compo¬ 
nents  are  much  smaller,  ~400-1000  Gauss,  and  decrease  as 
the  fraction  of  FM  component  (or  at.  %  Co)  decreases. 

The  poor,  ill-defined  structure  of  the  films  prepared  at  a 
substrate  temperature  of  300  K  is  evident  in  the  low  MR' 
values  of  these  films.  All  the  MR  curves  for  as-prepared 
films  for  75=300  K  that  did  not  peak  at  //=0  (i.e.,  had  a 
non-SP  component)  had  a  double-peaked  behavior.  Upon  an¬ 
nealing  them  for  |  h  at  300  ®C  the  MR  curves  became  single 
peaked  and  the  segregation  increased  causing  higher  Ms  and 


FIG.  5.  Variations  of  p„,j„  ,^Pt>  and  MR|.  with  at.  %  Co  for  the  as-prepared 
films  deposited  at  rx2'400  K. 

MR'  values.  The  magnetization  curve  for  the  53.5-300  film 
also  had  a  peculiar  shape  that  could  not  be  fit  well  with  Eq. 
(1).  Thus,  the  300  K  films  give  quite  anomalous  MR  behav¬ 
ior  that  is  attributed  to  their  poor  structure  and  we  will  not 
consider  these  films  further. 

V.  DISCUSSION  AND  CONCLUSIONS 

It  was  found  that  for  the  as-prepared  films  that  were 
deposited  at  75^400  K,  the  ratios  of  MRpM/MRf  were  very 
similar  to  the  fractions  of  the  FM  component,  M^^IMj. 

In  Fig.  5  we  show  the  variations  of  Apy,  and 
MRy  for  the  as-prepared  films  deposited  at  75^400  K.  We 
see  that  with  the  exception  of  the  51-450  film  p^jn  is  quite 
constant  for  each  value  of  75 .  However,  Apy  is  seen  to  have 
a  maximum  between  37-41  at.  %  Co  which  gives  rise  to  the 
maximum  in  the  MRy  values.  From  Fig.  3  we  see  that  the 
maximum  MR'  values  are  obtained  when  the  globular  diam¬ 
eter  is  near  its  minimum  of  ~40  A  and  the  minimum  sepa¬ 
ration  between  the  globules  is  ~  10  A.  It  was  shown'*  that  for 
a  pure  ferromagnet  the  resistivity  due  to  magnetic  boundary 
scattering,  Ap^a  i  has  the  form 

Apmb=A(A:/77D),  (2) 

where  A  is  a  factor  depending  on  the  magnetic  alignment  of 
the  domains  in  the  magnetic  material.  A  sample  with  a  net 
magnetization  of  zero  has  A  =  1  for  domains  that  are  only 
aligned  antiparallel  and  A  =  |  for  randomly  oriented  domains. 
K  is  &  constant  that  depends  on  the  band  structure  of  the 
magnetic  material.  For  fee  Co  we  estimate  K  to  be  ~0.6 
fiil  cm  when  the  average  domain  size  D  is  given  in  ^m.  rfD 
is  the  mean  free  path  for  the  magnetic  scattering  causing  the 
magnetoresistance.  For  fee  Co  t}~2.  For  pure  ferromagnets 
£)  is  a  few  micrometers,  while  for  granular  films,  D~R,  the 
linear  size  of  the  box  occupied  by  the  granule,  which  is  seen 
to  be  a  few  nm.  These  values  lead  to  an  estimate  for 
Apmb~30  /ifi  cm  for  a  pure  ferromagnetic  with  domains  of 
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.  >;TABI]E  in.  Room-tem^'rature  contribution  of  tliejresistivity,pp_„  due  to  scattering  by  phonons  and  magnons. 


Sample 

32-450 

37-450 

44-500  ■ 

'  ^”-400 

48-400  (1  ann) 

51-450 

Pp.m  (Ml  cm) 

4.2 

4.5 

4.5 

4.6 

5.6 

7.5 

5  nm.  However,  in  materials  containing  a  nonmagnetic  ma¬ 
terial,  ApMB  js  reduced  because  the  memory  of  the  spin  di¬ 
rection  in  the  magnetic  region  from  which  the  conduction' 
electrons  emerge  is  lost  as  the  electrons  traverse  the  nonmag¬ 
netic  region.  Thus;  for  granular  films  we  multiply  Eq.  (2)  by 
an  attenuating  factor  an'd-obtain  • 

ApMB=A iKlvR)F  exp(  - /Ag//o).  (3) 

F  is  a  factor  decreasing  the  magnetic  resistivity  due  to  the 
scattering  caused  by  the  variation  in  the  potentials  at  the 
interfaces  between  the  magnetic  and  nonmagnetic  regions. 
Since  a  conduction  electron  must  traverse  two  such  inter¬ 
faces  we  estimate^' that  F~  |.  The  factor  exp(  -  f is  the 
reduction  of  the  magnetic  resistivity  caused  by  the  loss  of 
polarization  of  the  conduction  electrons  in  passing  through 
the  nonmagnetic  region,  is  ihe  average  thickness  of  non¬ 
magnetic  material  that  a  conduction  electron  travels  between 
two' sequential  magnetic  regions  and  /q  is  the  mean  free  path 
or  spin  diffusion  length  for  the  <Z-conduction  electrons  to  lose 
their  spin  memory  in  the  nonmagnetic  region.  For  the  37- 
450  film  we  found  that  F~ 50  A  and  we  take  /q  to  be  ~35  A 
at  RT”  and  f^g  to  be  -^30  A  (between  the  maximum  Ag 
distance,  ^3R-2rs  and  fAgmin)-  Putting  in  these  values  we 
obtain  that  Apmb~6  /jlO,  cm;  in  good  agreement  with  the 
measured  value  of  ~4.2  /iO  cm.  From  Eq.  (2)  we  see  that 
the  highest  MR'  values  are  obtained  when  F  is  a  minimum 
and  fAgmin  is  small  but  not  so  small  that  the  globules  are 
ferromagnetically  coupled.  When  they  touch  or  are  close 
enough  to  couple  indirectly  via  the  RKKY  exchange  interac¬ 
tion  an  FM  component  occurs  that  then  effectively  Increases 
the  value  of  D.  We  see  that  indeed  these  are  just  the  condi¬ 
tion  under  which  we  obtain  the  maximum  MR'  values  in  the 
granular  structures.  As  can  be  seen  from  Eq.  (3),  Apmb  is 
sensitive  to  both  the  magnetic  and  physical  structure  of  a 
film. 

From  Table  II  and  Fig.  5  we  see  that  p„,n  is  quite  inde¬ 
pendent  of  the  Co  content  and  decreases  slightly  with  in¬ 
creasing  Ts-  This  is  expected  because  of  the  higher  mobility 
of  the  adatoms  in  the  films  deposited  at  higher  Ts-  Pmm  is 
composed  of  all  the  nonmagnetic  scattering  contributions. 
We  separate  these  contributions  into  two  categories  depend¬ 
ing  on  their  temperature  dependence:  (1)  Scattering  from 
phonons  and  magnons,  pp  „,,  which  varies  as  l/F;  (2)  scat¬ 
tering  from  structural  imperfections  and  voids,  p,,  which 
should  be  independent  of  T  and  decrease  with  annealing. 
Interfacial  scattering,  p,{,  at  the  step  potential  between  the  Co 
and  Ag  interfaces.  The  measured  decreases  in  p^in  at  NT  for 
the  as-prepared  films  are  thus  attributed  to  the  decrease  in 
Pp  with  temperature.  Using  the  RT  and  NT  values  of  p„j„ 


and  a  1/r  dependence  for  Pp  „,  we  evaluate  pp„  and  p,+p,f, 
for  the  films  deposited  at  75^400  K.  The  RT  values  ob¬ 
tained  for  pp  „  are  listed  in  Table  III.  We  see  that  the  values 
tend  to  increase  slightly  with  at.  %  Co  and  vary  from  4.2  to 
7.5  pXl  cm.  These  are  very  reasonable  values  since  these  thin 
films  are  expected  to  have  somewhat  larger  resistivities  than 
an  intermediate  value  between  the  bulk  RT  resistivities  of  1.6 
and  5.8  /uilcm  of  pure  Ag  and  Co,  respectively.  The  de¬ 
crease  in  Pinin  with  annealing  is  mainly  due  to  a  decrease 
inp,.. 

In  Table  II  it  can  be  seen  that  the  FM  component  of  the 
films  is  considerably  larger  at  NT  than  at  RT.  This  occurs 
because  in  order  to  obtain  magnetic  alignment  between  the 
Co  globules  the  effective  coupling  between  them  must  be 
^kT.  Thus  the  requirement  of  weaker  coupling  at  NT  gives 
rise  to  a  greater  fraction  of  the  sample  being  FM. 

The  relaxation  effects  observed  in  these  films  deserve 
more  study.  In  the  region  of  the  MR  curves  that  had  an  FM 
component  an  appreciable  time  was  required  to  reach  equi¬ 
librium  after  changing  field,  from  a  few  seconds  to  several 
minutes  in  various  parts  of  the  MR  curve.  These  relaxation 
effects  likely  occur  because  when  an  appreciable  fraction  of 
the  globules  are  close  enough  to  couple  there  are  numerous 
closely  spaced  energies  states  available  to  the  system  so  it 
takes  considerable  time  for  the  system  to  reach  the  ground 
state. 

The  authors  wish  to  thank  C.-H.  Lee  for  measuring  the 
hysteresis  curves  of  the  samples. 
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The  microstructure  and  magnetic  properties  of  phase-separated  Fe-Ag  and  Q>-Ag  granular  alloy 
films,  grown  epitaxially  on  (001)  NaCl  substrates  and  exhibiting  giant  magnetoresistance  (GMR), 
have  been  investigated.  Surprisingly,  two  Fe-Ag  films  of  similar  composition  grown  under  identical 
conditions  are  found  to  have  substantially  different  microstructures  yet  display  similar  GMR.  The 
microstructure  of  the  films  is  characterized  by  Fe-rich  or  Co-rich  regions,  respectively,  350-700  nm 
in  extent,  surrounded  by  a  Ag-rich  matrix.  Within  the  Ag-rich  regions,  the  Fe  concentration  varies 
from  20  to  25  at  %  and  the  Co  concentration  is  —16  at  %.  Ml^thin  these  regions  essentially  pure  fee 
Co  particles  and  bcc  Fe  particles  are  in  parallel  and  rotated  epitaxial  alignment  respectively  with  the 
fee  silver  matrix.  The  Co  and  Fe  particles  are  -15-25  A  in  diameter.  It  is  these  small  particles 
which  most  likely  account  for  the  giant  magnetoresistance  exhibited  by  these  alloys.  This  suggests 
that  a  size  distribution  of  magnetic  particles,  sharply  peaked  at  the  optimum  size  with  limited  bulk 
segregation,  might  give  rise  to  larger  GMR  values. 


I.  INTRODUCTION 

Enhanced  or  giant  magnetoresistance  (GMR),  is  exhib¬ 
ited  by  a  variety  of  different  inhomogeneous  metallic  mag¬ 
netic  systems  comprising  of  magnetic  layers  or  particles 
separated  by  nonferromagnetic  material.  In  magnetic  multi¬ 
layers  the  largest  GMR  has  been  found  in  systems  comprised 
of  thin  «8  A-thick  Co  layers  separated  by  thin  (“8  A)  Cu 
layers.*’^  In  magnetic  granular  alloys  the  largest  GMR  has 
been  reported  in  Co,Agi_;,(A;  =»  0.2).^"*  A  variety  of  mod¬ 
els  have  been  proposed  to  account  for  the  origin  of  the  GMR 
effect.*'*  Of  particular  interest  is  the  relationship  of  GMR  to 
the  detailed  microstructure  of  the  magnetic  multilayer  or  al¬ 
loy.  The  basic  assumption  of  most  models  of  GMR  is  the 
existence  of  spin-dependent  scattering  of  the  conduction 
electron  either  within  the  interior  (bulk)  of  the  magnetic  par¬ 
ticles  or  layers  or  at  the  interfaces  between  the  magnetic  and 
nonmagnetic  entities.  Recent  experiments  strongly  suggest 
the  predominant  role  of  interfacial  scattering  in  accounting 
for  the  GMR  of  both  multilayers’""  and  granular  alloys.^’*’*^ 
For  the  latter  this  means  that  the  size  of  the  magnetic  par¬ 
ticles  is  a  key  parameter  in  determining  the  magnitude  of 
GMR. 

Typically  magnetic  granular  films  deposited  by  sputter¬ 
ing  techniques  at  room  temperature  display  little  GMR. 
However,  GMR  is  obtained  with  appropriate  post-growth  an¬ 
nealing.  In  contrast,  it  has  been  shown  recently  that  slow 
coevaporation  using  electron  beam  or  thermal  evaporation 
sources  under  ultrahigh  vacuum  (UHV)  conditions  at  mod¬ 
erate  substrate  temperatures  of  =250  "C  (less  than  required 
for  post-growth  aunealing  of  sputtered  films,  i.e.,  =400  "C) 
yields  GMR  in  the  as-grown  films  in  Co-Ag,  Co-Cu,  and 
Fe-Ag.*’*^"^  In  this  paper,  we  report  observations  of  the  mi¬ 
crostructure  of  Fe-Ag  and  Co-Ag  thin  films  grown  epitaxi¬ 
ally  on  NaCl(OOl)  substrates  from  transmission  electron  mi¬ 
croscopy  (TEM)  sa'dies. 


II.  EXPERIMENTAL  PROCEDURES 

Fe-Ag  and  Co-Ag  films  were  grown  by  slow  coevapora¬ 
tion  of  Fe  or  Co,  respectively,  and  Ag  in  a  molecular  beam 
epitaxy  (MBE)  system.  The  nominal  compositions  of  Fe-Ag 
and  Co-Ag  thin  films  were  =29  at  %  Fe  and  =21  at  %  Co, 
respectively.  The  NaCl  substrates  were  cleaved  in  air  and 
cleaned  in  situ  at  300  ®C  in  ultrahigh  vacuum  (UHV)  before 
growth.  Thin  films  (=500  A  thick)  highly  oriented  m  the 
(001)  direction  were  then  grown  at  a  substrate  temperature  of 
250  "C.  No  post-growth  annealing  was  required  to  observe 
the  GMR  effect.  Details  of  the  growth  and  the  magnetoresis¬ 
tance  measurements  of  these  and  similar  films  grown  on  sap¬ 
phire  (0001)  substrates  are  reported  elsewhere.*  For  TEM 
studies,  the  films  were  lifted  onto  Cu  grids  by  dissolving  the 
NaCl  substrate  in  water  and  the  Ft  cap  layer  was  then  re¬ 
moved  by  gentle  ion  milling.  Energy-dispersive  x-ray  mi¬ 
croanalysis,  and  standard  bright-field  and  dark-field  TEM 
imaging  techniques  were  used  to  analyze  the  microstructure 
of  the  films. 

III.  MICROSTRUCTURE  OF  F»-Ag  AND  Co-Ag 
GRANUUR  ALLOY  FILMS 

A  typical  low-magnification  through-foil  bright-field 
TEM  image  of  the  microstructure  of  a  Fe29Ag7j  film  is 
shown  in  Fig.  1(a).  Also  included  in  the  inset  to  the  figure  is 
the  corresponding  diffraction  pattern  which  demonstrates  the 
epitaxial  growth  of  the  film,  llie  composition  of  the  film  was 
analyzed  locally  using  energy-dispersive  x-ray  microanaly¬ 
sis.  Electron  probe  sizes  of  100  and  200  A  were  used.  The 
film  microstructure  is  clearly  inhomogeneous.  The  micro¬ 
graph  shows  a  distribution  of  dark  (pure  Ag,  350-500  nm), 
gray  (25  at  %  Fe,  matrix),  and  light  (88  at  %  Fe,  350-700 
nm)  regions.  The  microstructure  also  varies  locally,  indicat¬ 
ing  variations  in  metal  film  nucleation  on  the  NaCl  surface. 
Where  the  NaCl  surface  hes  a  large  local  density  of  (001) 
steps,  the  microstructure  contains  about  equal  amounts  of 
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FIG.  1.  (a)  M'crostnicture  of  an  as-deposilcd  Fe2»Ag7,  grown  on  NaCKOOl). 
The  micrograph  shows  bulk  scg>v.gation  of  Fc  in  the  light  region,  pure  silver 
particles  in  dark  contrast,  and  the  gray  region  with  25  at  %  Fc.  The  diffrac¬ 
tion  pattern  .shown  in  the  inset  indicates  the  (001)  epitaxy  of  the  film  with 
the  (001)  NaCI  substrate,  (b)  A  second  Fe-Ag  film  prepared  under  almost 
identical  growth  conditions  shows  a  more  uniform  microstructure  with  a 
polycrystalline  structure 


Ag-rich  (gray)  and  Fe-rich  (light)  regions.  The  orientation 
relationship  is  clearly  (100)Fe||(100)Ag  and 
[Oli]Fe||[()Oi]Ag,  i.e.,  the  reflections  from  the  bcc  Fe  and  the 
fee  Ag  are  in  exact  coincidence  but  rotated  45°  (the  lattices 
have  only  0.8%  mismatch  in  this  arrangement).  The  presence 
of  the  fee  (y)  phase  of  Fe  in  the  post-annealed  Fe-Ag  sample, 
as  reported  by  Tsoukatos  et  al.  was  not  found  in  our  Fe-Ag 
samples.  Another  Fe25Ag75  deposition  on  NaCl  under  similar 
conditions  unexpectedly  re.sulted  in  a  fine-grained  polycry.s- 
talline  film  with  slight  (001)  texture  [Fig.  1(b)].  For  this  film 
the  particle  size  distribution  is  highly  uniform  with  the  Fe 
concentration  varying  locally  from  10  to  20  at  %.  However,  a 
few  isolated  grains  have  a  b  -her  (30  at  %)  Fe  concentration. 
For  both  samples,  dark-field  imaging  obtained  from  (200)  Ag 
did  not  yield  any  information  about  the  distribution  and  size 
of  the  phase-separated  Fe  particles  because  of  the  overlap¬ 
ping  of  Fe  and  Ag  reflections. 

The  microstructure  of  the  Co2iAg79  films  [Fig.  2(a)]  is 
similar  to  the  epitaxial  Fe29Ag7i  film  [Fig.  1(a)]  and  consists 
of  about  10%  “Co-rich”  light  regions  where  the  concentra¬ 
tion  varies  from  32  to  64  at  %  Co.  In  contrast,  the  gray 
regions  contain  about  16  at  %  Co  and  these  regions  dominate 
the  microstructure.  I’owever,  where  the  Co-Ag  film  nucle¬ 
ates  near  steps  on  the  ,001)  NaCl,  the  volume  fraction  of 
Co-rich  ligh*  regions  increases  and  reaches  about  50%  [Fig. 
2(b)].  The  (001)  electron  diffraction  pattern  obtained  from 


FIG.  2.  Microsiruclurc  of  a  Co2iAg79  sample  showing  (a)  segregated  Co¬ 
rich  light  regions  grown  on  the  flat  NaCl  surface  and  (b)  regions  of  the  film 
grown  on  the  (001)  NaCl  steps.  The  inset  in  Fig.  1(a)  is  the  electron  diffrac¬ 
tion  pattern  showing  spot-splitting  (arrow)  due  to  Co-phase  segregation  and 
parallel  epitaxial  alignment  of  Co  particles  with  Ag.  (c)  Dark-field  micro¬ 
graph  obtained  using  (220)  Co  reflection  showing  distribution  of  20  A  Co 
particles  in  the  gray  region. 


the  same  area  [Fig.  2(a),  inset]  confirms  epitaxial  growth  of 
the  Co-Ag  films  on  NaCl(OOl).  This  pattern  also  shows  dis¬ 
tinct  spots  corresponding  to  phase  separated  fee  Co.  Even 
though  the  Cof^  and  Agf^c  have  13%  lattice  mismatch  in  the 
cube-cube  orientation,  the  Co  grows  in  epitaxial  alignment 
with  the  Ag  presumably  due  to  high  adatom  mobility  in  this 
growth  mode.  Co  particles  within  the  Ag  matrix  retain  their 
bulk  lattice  parameter  and  thus  the  13%  lattice  mismatch 
between  the  Co  and  the  Ag  must  be  mostly  accommodated  at 
the  interfaces.  Dark-field  imaging  using  the  (220)  Co  reflec¬ 
tion  clearly  shows  the  Co  particle  distribution  and  size  [Fig. 
2(c)].  The  Co  particle  size  varies  from  15  to  25  A,  the  mean 
“diameter”  being  20  A.  The  inter-particle  distance  [Fig. 
2(c)]  appears  similar  to  ihe  particle  size  but  this  is  not  con¬ 
clusive  since  the  particles  contained  in  the  500  A-thick  film 
are  in  projection.  This  measurement  agrees  with  earlier 
studies^  using  grazing  incidence  small-angle  x-ray  scattering 
(GISAXS)  for  a  Co-Ag  film  grown  on  sapphire  (0001)  which 
showed  comparable  mean  Co  particle  size  (—25  A)  but  a 
different  mean  interparticle  distance  (—76  A). 

IV.  MAGNETIC  CHARACTERIZATION  OF  Fe-Ag  AND 
Co-Ag  GRANULAR  ALLOY  FILMS 

Although  the  microstructures  of  the  two  Fe-Ag  films 
shown  in  Figs.  1(a)  and  1(b)  are  quite  different,  the  films 
exhibit  similar  MR  (Fig.  3).  Both  films  show  decreases  in 
resistance  (for  applied  fields  of  up  to  16  kOe)  of  about 
4%-5%  at  room  temperature  ond  15%  at  4.2  K.  Similar  val¬ 
ues  have  also  been  reported  for  post-annealed  sputtered 
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FIG.  3.  (a)  and  (b)  magnetoresistance  data  at  295  and  at  4.2  K  for  the  Fe-Ag 
film  shown  in  Fig.  1(b).  (c)  and  (d)  show  the  magnetoresistance  data  for  the 
Fe-Ag  film  shown  in  Fig.  1(a).  The  dashed  lines  are  for  the  field  aligned  in 
the  plane  of  the  film  and  the  solid  lines  are  for  the  field  perpendicular  to  the 
film  plane.  The  data  show  significant  perpendicular  magnetic  anisotropy. 

Fe-Ag  samples.*"*  However,  the  GMR  reveals  distinct  mag¬ 
netic  anisotropy  for  field  applied  perpendicular  and  parallel 
to  the  film  as  shown  by  the  solid  and  dashed  curves  respec¬ 
tively  in  Fig.  3.  A  similar  result  has  previously  been  found  in 
MBE-deposited  Co-Ag  alley  films  for  which  various  pos¬ 
sible  mechanisms  were  discussed.^  The  magnetoresistance 
data  for  the  Co-Ag  film  measured  at  room  temperature  are 
given  in  Fig.  4.  A  resistance  change  of  22%  under  a  field  of 
60  kOe  was  observed.  By  varying  Co  composition,  GMR  of 
40%  at  room  temperature  and  71%  at  4.2  K  has  been  ob¬ 
served  for  similar  films  grown  on  sapphire  substrates.'’ 

V.  DISCUSSIONS  AND  CONCLUSIONS 

If  spin-dependent  electron  scattering  at  the  interfaces  be¬ 
tween  the  magnetic  particles  and  the  host  nonferromagnetic 


FIG.  4.  Magnetorcsistance  data  measured  at  room  temperature  for  the 
Co2iAg79  sample. 


metal  is  the  dominant  scattering  mechanism  for  GMR,  then  it 
follows  that  the  magnitude  of  the  GMR  will  scale  approxi¬ 
mately  as  the  inverse  particle  size.  Thus,  maximum  GMR  is 
expected  for  small  magnetic  particles.  Annealing  studies  on 
MBE-grown  Co-Cu  granular  alloy.'!  show  that  the  GMR  is 
significantly  reduced  by  annealing  resulting  from  growth  of 
the  Co  particles.*^  The  TEM  studies  presented  here  show  that 
a  significant  fraction,  =50%-90%,  of  the  Co-Ag  alloy 
sample  is  comprised  of  small  (2o  particles,  =20  A  in  diam¬ 
eter,  in  a  Ag  matrix.  Larger  GMR  is  likely  to  be  obtained  by 
the  preparation  of  alloys  containing  uniformly  small  Co  par¬ 
ticles.  Moreover,  any  dissolution  of  the  Co  in  the  Ag  matrix 
is  likely  to  lead  to  reduced  GMR.*^ 

A  surprising  result  of  these  studies  is  the  similarity  of  the 
GMR  exhibited  by  crystalline  and  polycrystalline  Fe-Ag  al¬ 
loys  grown  on  NaCl  substrates.  The  microstructure  of  these 
films  is  quite  distinct.  Moreover,  the  GMR  of  these  films  is 
also  similar  to  (111)  oriented  Fe-Ag  films  of  the  same  com¬ 
position  grown  on  a  Ft  buffer  layer  on  (0001)  sapphire.  This 
suggests  that  crystalline  orientation  is  not  a  very  significant 
factor  in  influencing  the  GMR  of  Fe-Ag  granular  films.  Note 
that  the  mapitude  of  the  GMR  exhibited  by  magnetic  mul¬ 
tilayers  is  often  very  sensitive  to  small  variations  in  growth 
conditions.  However,  for  magnetic  multilayers  the  magnitude 
of  GMR  is  directly  connected  to  the  degree  of  antiferromag¬ 
netic  alignment  of  the  magnetic  layers.  This  can  be  very 
sensitive  to  structural  defects,  especially  for  multilayers  con¬ 
taining  thin  spacer  layers.  This  means  that  the  GMR  exhib¬ 
ited  by  multilayers  is  often  more  sensitive  to  structural  de¬ 
fects  than  that  found  in  granular  alloys. 
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Giant  magnetoresistance  and  its  dependence  on  processing  conditions 
in  magnetic  granular  alloys 

Jian-Qing  Wang,  Edward  Price,  and  Gang  Xiao 

Department  of  Physics,  Brown  University,  Providence,  Rhode  Island  02912 

We  have  studied  giant  magnetoresistance  (GMR)  effect  and  its  dependence  on  processing  conditions 
in  Fe-Ag  and  Co-Ag  alloys  made  by  magnetron  sputtering.  The  effect  of  elevated  substrate 
temperature  on  GMR  has  been  investigated  and  compared  with  the  results  of  post-deposition 
annealing.  As  a  unique  feature,  in  situ  annealing  yields  a  second  GMR  peak  at  high  deposition 
temperatures,  which  is  associated  with  a  substantially  reduced  saturation  field  for  GMR.  Deposition 
rate  was  found  to  be  another  crucial  parameter  in  affecting  GMR,  whereas  little  effect  was  observed 
in  varying  the  sputtering  gas  pressure. 


Since  its  discovery  in  magnetic  multilayers*'^  and 
granular  materials,'*’^  the  giant  magnetoresistance  (GMR)  ef¬ 
fect  has  been  found  to  depend  sensitively  on  material  param¬ 
eters  and  processing  conr^'^ons.  Studying  the  correlation  be¬ 
tween  GMR  and  processing  conditions  is  crucial  not  only  in 
the  application  aspect,  but  also  in  the  understanding  of  the 
underlying  mechanism  of  GMR.  It  has  been  commonly 
agreed  that  GMR  arises  from  spin-dependent  scattering  due 
to  exchange  interaction  between  conduction  electrons  and 
magnetic  scattering  centers.  The  magnitude  of  GMR  directly 
depends  on  the  strength  of  exchange  interaction  which  in 
turn  depends  on  the  choice  of  constituents.  The  dimensional 
constraints  and  interface  roughness  of  the  magnetic  compo¬ 
nent  are  also  determining  factors  in  the  behavior  of  GMR. 
These  factors  are  influenced  by  material  growth  processes, 
conditions,  and  post-deposition  thermal  annealing. 

In  this  work  we  studied  how  the  processing  conditions 
affect  the  magnetotransport  properties  in  two  metallic  granu¬ 
lar  sys'ems,  Fe-Ag  and  Co-Ag.  The  processing  conditions 
include  such  factors  as  deposition  rate,  sputtering  gas  pres¬ 
sure,  substrate  temperature,  and  post-deposition  annealing. 
We  found  that  GMR  is  very  sensitive  to  some  fabrication 
parameters,  in  particular,  to  the  deposition  rate  and  annealing 
temperature.  We  investigated  the  effect  of  in  situ  annealing 
and  compared  it  to  post-deposition  annealing  results. 

The  Co-Ag  samples  were  deposited  on  Si  substrates  by  a 
single  magnetron  sputtering  gun  loaded  with  a  composite 
target.  The  Fe-Ag  samples  were  made  by  codeposition  using 
cluster  guns  loaded  with  pure  targets  (>99.9%)  of  Fe  and 
Ag.  Typical  samples  were  5000  A  (Co-Ag)  and  2500  A  (Fe- 
Ag)  in  thickness.  For  in  situ  annealing,  the  duration  of  heat¬ 
ing  and  sputtering  was  about  15  min,  about  the  same  as  the 
time  of  post-deposition  annealing.  Samples  were  deposited  at 
ambient  temperature  (—50  °C),  200,  250,  300,  350,  and 
400  ®C,  with  the  same  sputtering  rate  and  gas  pressure.  For 
rate-dependence  study  sample  depositions  were  done  at  am¬ 
bient  temperature  (RT).  All  sample  processing  was  carried 
out  under  a  base  vacuum  of  better  than  1.0X10”’  Torr. 

The  standard  photolithography  and  wet-etching  tech¬ 
nique  was  used  to  pattern  the  samples  into  a  Hall  bar  con¬ 
figuration.  This  allowed  us  to  simultaneously  measure  the 
resistivity  and  Hall  resistivity.  The  Hall-effect  measurement 
provides  us  with  information  of  carrier  density  and  type,  as 
well  as  effective  mean-free  path.®  In  the  transport  measure¬ 


ments,  the  magnetic  field  was  swept  in  a  full  circle 
(-8  T<-v+8  T)  to  account  for  magnetic  hysteresis  effects. 
The  hysteresis  measured  agrees  with  that  determined  by 
magnetic  measurements,  which  were  carried  out  in  a  super¬ 
conducting  quantum  interference  device  (SQUID)  magneto¬ 
meter.  Structural  information  was  obtained  by  x-ray  diffrac¬ 
tion,  transmission  electron  microscopy  (TEM),  and  magnetic 
measurement.  Detailed  results  are  presented  elsewhere.’ 

Figure  1  shows  a  typical  measurement  of  magnetoresis¬ 
tance  (MR)  pxx(H)  for  a  RT  sample  of  Co2oAg8o.  Hysteresis 
is  clearly  observable  with  the  MR  maxima  located  at  the 
coercive  field  He,  where  the  magnetization  of  the  sample 
reaches  zero.  There  exist  different  definitions  of  GMR.  In 
this  work  the  GMR  is  defined  as 

GMR=Ap/p  =  [p,,(0  T)-p„(8  T)]/p,,(8  T),  (1) 

since  at  //=8T  the  MR  is  almost  saturated. 

Let  rs  first  pay  attention  to  the  effects  of  annealing.  Un¬ 
der  equilibrium  Co  or  Fe  is  immiscible  with  Ag.®  For  the 
as-sputtered  samples  deposited  at  a  moderate  rate  (-4.0 
A/s),  the  size  of  the  magnetic  particles  is  about  —20  A  as 
determined  by  TEM  and  mag.  etic  measurements.  Annealing 


FIG.  1.  Magnetoresistivity  p„(//)  for  Co^oAgso  deposited  at  ambient  tem¬ 
perature  with  a  rate  ofP  =  4.0  A/s  and  4.0mTorr.  r=4.2  K. 
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FIG.  2.  GMR  (upper),  (middle),  and  (lower)  for  Co^jAggo  .samples 
(filled  circles)  deposited  at  various  substrate  temperatures,  and  for  Fe|jAgjj7 
samples  (open  circles)  after  post-deposition  annealing  at  different  .  Solid 
lines  arc  guides  to  the  eye.  F=4.2  K. 


increases  the  magnetic  particle  size  and  reduces  disorder.  For 
example,  after  post-deposition  annealing  for  15  min  at 
400  °C,  the  magnetic  particle  size  increased  to  ~70  A, 
whereas  the  zero-field  resistivity  decreased  by  one  order 
of  magnitude,  contains  contributions  from  magnetic  and 
nonmagnetic  scattering.  Both  are  reduced  by  annealing.  In 
granular  materials,  the  magnetic  spin-dependent  scattering 
occurs  primarily  at  the  interface.®  Thus  if  the  magnetic  scat¬ 
tering  were  dominant  in  p^^ ,  the  decrease  in  p^^  would  be 
much  smaller  (by  about  a  factor  of  ~3)  as  a  result  of  the 
reduced  surface-to-volume  ratio. 

The  effects  of  post-deposition  annealing  are  demon¬ 
strated  in  Fig.  2.  The  measured  GMR  (upper  panel),  zero- 
field  resistivity  p^^  (middle),  and  the  net  change  in  resistivity 
Ap^^  (lower)  versus  post-deposition  annealing  temperature 
arc  presented  for  Fe|3Ag87  samples  as  open  circles.  The 
results  for  Co2pAg8o  and  other  granular  systems  are  very 
similar.*’  ***  GMR  initially  increases  with  annealing  tempera- 
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ture  and  subsequently  decreases  at  higher  .  But  if  p^^^. 
and  Ap,^  are  examined  separately,  both  are  found  to  mono- 
tonically  decrease  as  increases.  The  variation  of  GMR 
with  TJ^  results  from  the  difference  in  the  rates  of  change  of 
Ap_(jf  and  p^^.  In  the  low  region  (7’7j<250  °C), 
decreases  slowly,  whereas  p^^  decreases  relatively  quickly. 
This  results  in  an  initial  increase  in  GMR.  In  the  high 
region,  Ap^^  drops  very  quickly  over  a  narrow  range,  and 
then  monotonically  approaches  zero  at  500  °C.  The  decrease 
in  p^jc  is,  on  the  other  hand,  slow  over  the  same  range. 
Hence  the  GMR  shows  the  subsequent  decrease  in  the  high 

region. 

The  observed  variation  in  MR  can  be  qualitatively  ex¬ 
plained  as  follows.  Ap„  reflects  the  strength  of  the  magnetic 
scattering.  The  structural  characterization  shows  that  the 
magnetic  particle  size  increases  slowly  with  in  the  low 
region.  This  results  in  a  slow  variation  in  magnetic  scatter¬ 
ing,  and  therefore  in  Ap^^ .  The  initial  fast  decrease  in  p^^  is 
mainly  due  to  a  decrease  in  the  contribution  of  disorder  and, 
to  a  lesser  extent,  magnetic  scattering.  In  the  high  region, 
magnetic  particle  size  increases  more  rapidly  with  T/^ .  Other 
changes,  e.g.,  interface  roughness  and  particle  shape,  may 
also  occur.  The  partial  resistivity  due  to  magnetic  scattering 
is  affected  more  strongly,  resulting  in  a  steeper  decrease  in 
Ap,^  in  the  high  region.  Disorder,  being  much  reduced, 
becomes  less  sensitive  to  annealing. 

Most  studies  so  far  have  focused  on  the  influence  of 
post-deposition  annealing  on  GMR.  Little  attention  has  been 
paid  to  the  effects  of  growth  temperature  during  thin-film 
deposition,  i.e.,  in  situ  annealing,  which  affects  the  micro¬ 
structure  differently  from  post-deposition  annealing.  In  Fig. 
2,  the  filled  circles  represent  the  data  of  GMR,  p^x ,  and  Ap^x 
for  CoioAgjjo  samples  deposited  at  different  substrate  tem¬ 
peratures.  It  is  seen  that  GMR  suffers  a  large  drop  even  at 
low  .  At  about  r,^'=“200  “C,  GMR  reaches  a  minimum  and 
then  starts  to  develop  a  peak  at  r^«320  "C.  This  behavior  is 
substantially  different  from  that  of  post-deposition  annealing. 

The  cause  for  the  above  GMR  behavior  is  again  due  to 
the  rate  of  change  of  Apxx  and  p„ .  Under  in  situ  annealing, 
Apxx  decreases  much  faster  with  than  Pxx  does  below 
r7j~200  "C,  resulting  in  the  initial  drop  of  GMR.  However, 
between  200-300  °C,  the  rate  of  change  of  Apxx  slows  down 
substantially,  while  the  rate  of  change  of  Pxx  remains  about 
the  same.  This  causes  a  temporary  increase  in  GMR.  Figure 
2  shows  that  at  low  ,  in  situ  annealing  suppresses  Apxx 
much  more  efficiently  than  post-deposition  annealing.  This 
reveals  the  susceptibility  of  microstructural  changes  to  in  situ 
thermal  annealing. 

The  appearance  of  a  GMR  peak  at  high  is  very  de¬ 
sirable  from  an  application  point  of  view.  Samples  made  at 
higher  have  substantially  lower  saturation  field  for  GMR. 
The  GMR  value  at  the  second  peak  is  about  a  factor  pf  2 
smaller  than  that  of  the  as-sputtered  sample.  But  the  satura¬ 
tion  field  H,  has  decreased  by  a  factor  of  5.  We  define  //j  as 
the  field  at  which  90%  saturation  has  been  achieved.  We 
found  that  Wj=3.1  T  for  the  RT  sample,  and  //j«=0.59  T  for 
samples  annealed  at  300-400  °C.  Our  study  opens  a  new 
route  in  the  search  for  the  optimal  condition  for  GMR  effect. 
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FIG.  3.  OMR  (top),  p„  and  (bottom)  for  CojoAgm  samples  obtained 
at  different  sputtering  rates.  Solid  lines  are  guides  to  the  eye.  7'<=4.2  K. 


In  situ  annealing  could  be  more  advantageous  than  post¬ 
deposition  annealing. 

Next  we  turn  our  attention  to  another  processing  param¬ 
eter,  i.e.,  deposition  rate  R.  Different  energies  are  carried  by 
the  deposited  materials  at  various  rates  R.  Thus  different  ki¬ 
netics  are  involved  in  different  rate  regions.  The  measured 
GMR,  pjiji,  and  Ap^,c  for  CoaoAggg  as  a  function  of  R  are 
presented  in  Fig.  3.  GMR  has  its  highest  values  (-40%)  in 
the  low  R  region  {0<R<10  A/s)  and  is  only  weakly  depen¬ 
dent  on  R.  But  there  is  a  sudden  transition  in  GMR  to  a  much 
lower  value  (~15%-20%)  at  /?~10  A/s.  This  transition 
marks  the  onset  of  microstructural  change  occurring  in  the 
high  rate  region. 

Examining  the  variations  of  p^^  and  Ap^x  with  R  inde¬ 
pendently,  we  observe  that  the  transition  in  GMR  at 
A  is  due  to  a  large  drop  in  Apxx .  On  the  other  hand,  pxx 
varies  with  R  gradually,  slightly  decreasing  as  R  increases. 
Thus  the  transition  observed  here  is  due  to  changes  in  mag¬ 
netic  arrangement  in  the  samples  deposited  at  high  rates. 


This  is  presumably  due  to  the  higher  kinetic  energy  carried 
by  the  deposited  materials.  Structural  characterization 
showed  that  the  Co  particle  sizes  increased  only  slightly  in 
the  high  R  region,  indicating  that  the  particle  size  effect  is 
unlikely  to  be  the  cause  for  the  transition  in  GMR  at  /?«10 
A/s.  It  is  most  likely  due  to  changes  occurred  at  the  interface 
between  the  magnetic  particles  and  Ag  matrix. 

It  has  been  found  that  sputtering  gas  pressure  induces 
changes  in  interface  roughness  and  hence  changes  the  size  of 
GMR  in  multilayers.”  We  have  investigated  this  possibility 
in  our  granular  systems  by  varying  the  Ar  gas  pressure 
from  2  to  8  mTorr.  We  found  that  the  gas  pressure  has  little 
effect  on  GMR  and  other  magnetotransport  properties  in  this 
pressure  range. 

In  summary,  processing  conditions  are  very  important  in 
controlling  the  magnetotranspbrt  properties  and  GMR  effect 
of  metallic  granular  materials.  A  second  peak  in  GMR  at 
high  annealing  temperature  is  a  unique  feature  to  the  in  situ 
annealing.  A  substantially  reduced  saturation  field  coincides 
with  this  peak  in  GMR.  We  have  also  found  a  threshold  in 
deposition  rate,  beyond  which  the  strength  of  magnetic  scat¬ 
tering,  and  hence  GMR,  suffers  a  precipitous  drop.  The  dif¬ 
ferent  GMR  behaviors  between  high  substrate  temperature 
and  high  sputtering  rates  are  due  to  different  microstructural 
changes  in  the  systems.  The  former  is  mainly  caused  by  an 
increase  in  particle  size,  whereas  the  latter  is  mainly  due  to 
changes  in  the  magnetic  structure  at  the  granular  interface. 
Among  many  processing  parameters,  only  the  sputtering  gas 
pressure  hardly  affects  GMR,  pxx,  and  Apxx- 
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The  origin  of  the  giant  magnetoresistance  of  magnetic  multilayers  and  magnetic  granular  solids  is 
investigated  through  a  unified  spin-dependent  linear  transport  theory,  in  which  the  primary  source  of 
electrical  resistivity  is  short-range  scattering  by  impurities  in  the  different  magnetic  or  nonmagnetic 
regions  and  at  the  interfaces.  Our  theory  predicts  that  magnetotransport  in  granular  solids  is  similar 
to  that  for  currents  perpendicular  to  the  plane  of  the  layers  in  multilayers  in  that  their 
magnetoresistance  is  independent  of  the  average  distance  between  adjacent  magnetic  regions. 


Magnetotransport  in  inhomogeneous  magnetic  structures 
has  been  experimentally  studied  in  both  multilayers*  and 
granular  solids.^  The  main  foeps  of  these  investigations  has 
been  the  phenomenon  of  giant  magnetoresistance,  which 
holds  promise  for  technological  breakthroughs. 

The  theory  of  magnetotransport  in  multilayers  with  col- 
linear  magnetizations  has  been  discussed  in  Refs.  3-8.  In¬ 
stead,  magnetotransport  through  noncollinear  magnetizations 
is  not  so  well  understood,  either  for  multilayers  or  for  granu¬ 
lar  solids. 

In  this  paper  we  consider  the  problem  of  magnetotrans¬ 
port  in  inhomogeneous  magnetic  structures  with  arbitrary 
magnetization  configurations  via  the  introduction  of  a  linear 
transport  theory  in  the  presence  of  effective  spin-dependent 
fields,  and  we  apply  the  formalism  to  three  cases  of  experi¬ 
mental  relevance:  multilayers  with  currents  in  the  plane  of 
the  layers  (CIP),  multilayers  with  currents  perpendicular  to 
the  plane  of  the  layers  (CPP),  and  granular  solids.  Our  model 
is  based  on  scattering  by  impurities  in  the  different  regions  of 
the  system  (layers  for  multilayers  and  granules  or  matrix  for 
granular  solids)  as  well  as  at  the  interfaces,  rather  than  on 
scattering  by  entire  regions  of  the  inhomogeneous  structure 
(multilayer  or  granular  solid).  We  find  that  the  characteristic 
exponential  dependence  of  the  magnetoresistance  of  CIP 
with  respect  to  the  thickness  of  the  nonmagnetic  spacer  layer 
has  no  counterpart  in  either  CPP  or  granular  solids,  a  behav¬ 
ior  that  places  them  in  a  new  class  of  magnetically  se'i- 
averaging  systems. 

Our  theory  generalizes  the  real  space  Kubo  approach  of 
Ref.  4  and  it  starts  from  the  model  Hamiltonian^ 


//=//o+2  (y<,+;aM<i-^)^(r-rJ,  (1) 

a 


where  Hq  describes  free  electrons,  cr  is  the  one-electron  spin 
vector  operator,  is  the  position  vector  of  a  particular  im¬ 
purity,  Ma  represents  the  direction  of  magnetization  of  a 
magnetic  region,  and  v  a  and  are  phenomenological  con¬ 
stants.  As  in  Ref.  4,  when  the  reduced  Fermi  wavelength 
=  l  A  is  much  smaller  than  the  other  length  scales 
(mean-free  paths  and  inhomogeneity  lengths),  the  one- 
particle  propagator  satisfies  the  Dyson’s  equation,  which  in 
real  space  reads 
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^F-1-^V?-S(r) 


G"'(r,r')  =  <5(r-r'), 


(2) 


where  S(r)  is  the  local  self-energy  due  to  scattering  in  the 
bulk  and  at  the  interfaces.  In  order  to  analyze  transport  prop¬ 
erties  we  look  at  the  imaginary  part 

A(r)=-Im[X(r)],  (3) 


which  we  will  refer  to  as  the  scattering  strength. 

The  main  difficulty  posed  by  the  existence  of  noncol- 
linear  magnetization  is  that  the  independence  of  physical 
properties  with  respect  to  arbitrary  choices  of  the  quantiza¬ 
tion  axis  requires  a  theory  that  is  covariant  under  changes  of 
that  axis.  The  ensuing  implication  is  that  if  the  current  is  to 
be  viewed  as  arising  from  different  channels  (two-current 
model),  the  only  possible  description  is  one  in  terms  of  the 
spin-dependent  current  densities,  j„^(r)=(j„^(  r)),  defined  as 
the  expectation  values  of  the  spinor  current  operators 

jVr)  =  ^'Fl(r)Vr),  (4) 

where  Vr=(Vr-  Vr)/2  is  the  antisymmetric  gradient  opera¬ 
tor,  ^„(r)  i§  the  real  space  one-electron  field  operator,  and 
greek  indicates  label  the  two  spin  channels.  Similarly,  the 
spin-dependent  constitutive  relation 


</^'''«’n^.y«(r.r')-Eyi(r'), 


(5) 


follows  by  absorbing  the  vertex  corrections  via  a  redefinition 
of  the  internal  fields  E^^r').  As  a  result,  the  fourth-rank 
spinor  two-point  conductivity  w„^,.y5(r,r'),  which  contains 
only  the  contribution  from  the  bubble  diagram  in  the  real 
space  Kubo  formula, 

XA^/r,r')VrVr-A^„(r',r),  (6) 

[where  A„^(r,r')=(G[J^(r,r')-G^^^(r,r')/2  is  the  density  of 
states  function]  is  proportional  to  the  bubble  part  of  the 
current-current  correlation  of  the  spinor  currents,  i.e., 

o’a/?,r«(>’.f')«([  ja/j(r)  Jy5(r')])- 

In  the  quasiclassical  regime,  Eq.  (2)  can  be  solved  via  a 
global  WKB  integration.  The  corresponding  reduced  Green’s 
function,  'S\r,  r')={h^l2m)G(r,r  '),  is 
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*■'  H  ^  ^r'-r^xp 

[-k(r,r')|r-r'|].  (7) 

Equation  (7)  has  a  very  simple  physical  interpretation;  it  rep¬ 
resents  a  propagating  electron  with  a  complex  wave  number 
k{r)={k];+i2m^{rlf^]  In  Eq.  (7)  the  two-point  exponent 
Kr,r') 


^(r,r') 


^Is"A(r"), 


(8) 


describes  the  damping  of  the  electron’s  wave  function  (loss 
of  momentum)  as  it  propagates  along  the  straight  path 
r[r,r']  connecting  the  points  r  and  r',  and  it  is  essentially 
the  average  scattering  encountered  by  the  electron  between  r 
and  r'.  In  the  presence  of  spin-dependent  scattering,  the  one- 
particle  propagator  G'"(r,r'),  the  self-energy  X(r),  the  scat¬ 
tering  matrix  A(r),  and  the  two-point  exponent  |(r,r')  are 
2X2  spin  matrices;  thus,  a  path-ordering  operator  is  required 
in  Eq.  (7),  to  reorder  the  noncommuting  2X2  scattering  ma¬ 
trices  in  the  exponential  series  from  the  point  r'  to  the  point 
r  (from  right  to  left).  The  corresponding  WKB  results  for  the 
two-point  conductivity  are  [from  Eq.  (6)] 


3Co  nn 
4'n-  |r-r'p 


{Pr'-rexp[-j^(r,r')|r 


-r'|]}^y{Pr-r'exp[j^(r,r')|r-r'|]}5„, 


(9) 

where  Cp=e^kpl(6TTH)  and  n  is  a  unit  vector  from  r  to  r'. 

The  computation  of  global  or  measurable  transport  prop¬ 
erties  requires  further  work,  as  they  do  not  follow  straight¬ 
forwardly  from  Eq.  (9).  In  view  of  this  complication  we  will 
start  by  analyzing  global  properties  in  multilayers,  and  only 
at  a  later  stage  we  will  consider  transport  in  granular  solids. 

For  the  particular  case  of  multilayers,  which  are  charac¬ 
terized  by  in-plane  translational  invariance,  a  Fourier  trans¬ 
form  with  respect  to  the  in-plane  relative  positions  yields 
two-point  conductivities  o<z,2')  =  cr(A:||=0;  z,z'),  given  by 


where  1||  is  the  unit  tensor  in  the  plane  of  the  layers,  the 
substitution  t=RI\z\  has  been  made,  and  integration  with 
respect  to  the  in-plane  azimuthal  angle  has  rendered  the  ten¬ 
sor  diagonal.  Equation  (10)  describes  electrical  conduction  in 
multilayers.'*  For  the  CIP  case,  the  internal  electric  field  in¬ 
duced  by  an  external  uniform  field  is  uniform,  due  to  the 
in-plane  symmetry  of  the  multilayers;  then  the  global  CIP 
conductivity  can  be  found  by  integrating  the  two-point  con¬ 
ductivity  of  Eq.  (10)  twice,  with  respect  to  both  arguments,  z 
and  2',  as  has  been  explicitly  derived  in  Ref.  4;  the  ensuing 
CIP  conductivity  and  magnetoresistance  exhibit  a  character¬ 
istic  exponential  dependence  with  respect  to  the  thicknesses 


of  the  different  layers^’'*  and  the  magnetoresistance  vanishes 
exponentially  in  the  local  limit.  On  the  other  hand,  for  CPP 
the  cunent  for  each  spin  channel  is  a  constant’  as  seen  from 
Eq.  (14);  then,  we  find  from  Eqs.  (5)  and  (9)  that  the  internal 
field  E(z)  is  proportional  to  the  local  scattering  rate  A(2). 
Then,  for  the  CPP  geometry,  the  corresponding  global  resis¬ 
tivity  is  proportional  to  the  average  scattering  encountered  in 
each  spin  channel;  thus,  the  CPP  geometry  for  multilayers 
exhibits  a  self-averaging  behavior  (all  transport  properties 
are  determined  by  the  average  scattering)  not  only  in  the 
homogeneous  limit,  but  for  all  length  scales,  and  the  magne¬ 
toresistance  is  scale  independent  and  does  not  vanish  in  the 
local  limit,  a  result  that  had  been  predicted  in  Ref.  6  and  was 
later  experimentally  confirmed.^  This  result  leads  to  a  cunent 
line  picture,  according  to  which  transport  properties  are  de¬ 
termined  by  the  scattering  sampled  by  current  lines  in  the 
whole  system,  provided  that  all  current  lines  be  essentially 
equivalent. 

Our  analysis  for  multilayers  suggests  that  there  exist  two 
categories  of  inhomogeneous  magnetic  structures  (according 
to  the  behavior  exhibited  by  their  magnetoresistance):  (i) 
magnetically  self-averaging,  when  their  magnetoresistance 
does  not  vanish  exponentially  and  is  independent  of  the  av¬ 
erage  distance  between  magnetic  regions  (like  for  the  CPP 
geometry  of  multilayers);  (ii)  magnetically  non-self¬ 
averaging,  when  their  magnetoresistance  vanishes  exponen¬ 
tially  with  respect  to  the  average  distance  between  magnetic 
regions  (like  for  the  CIP  geometry  of  multilayers). 

The  case  of  granular  solids  requires  considering  limiting 
cases.  We  will  first  analyze  the  homogeneous  limit,  which  is 
characterized  by  all  mean-free  paths  being  much  larger  than 
all  inhomogeneity  lengths. 

In  the  homogeneous  limit  the  two-point  function  ^r,r') 
[Eq.  (8)]  has  a  unique  limit,  as  when  R  =  |r-r'|-*!»;  in 
particular,  this  is  independent  of  r  and  r',  and  applies  to  both 
granular  solids  and  multilayers.  For  multilayers  the  caveat  is 
that  such  a  unique  limit  holds  for  almost  all  paths,  and  the 
exception  are  those  paths  in  the  plane  of  the  layers  for  mul¬ 
tilayers.  For  magnetic  systems,  the  function  ^(r,r')  is  a  spin 
matrix  and  its  self-averaging  limit  is  of  the  form 
Thus,  for  both  granular  solids  and  multilayers,  the  “average 
scattering  in  the  medium” 

is  well  defined  and  coincides  with  the  asymptotic  form  (large 
R)  of  ^r,r'),  provided  that  the  size  of  the  region  be  suf¬ 
ficiently  large.  In  Eq.  (11)  V[^]  is  the  volume  of  the  corre¬ 
sponding  region.  The  size  of  is  essentially  restricted  by 
the  condition  that  the  function  ^r,r')  become  asymptotically 
a  constant,  i.e.,  R  has  is  restricted  by  the  linear  dimensions  L 
of  the  sample;  whence,  these  systems  have  a  length  scale 
Dja ,  such  that  for  D^a^R<L,  and  the  volume  integral  in  Eq. 
(11)  is  independent  of  M.  We  will  naturally  refer  to  D^a  as 
the  self-averaging  length  scale.  Therefore,  the  homogeneous 
limit  yields  a  two-point  conductivity,  Eq.  (9)  that  is  effec¬ 
tively  a  function  of  only  /?  =  |r-r'|.  Then,  choosing  a  quan¬ 
tization  axis  that  diagonalizes  A  Eq.  (5)  is  simplified  to 
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ja;3=^a/32)|J  dh' a„y^y„(,T,T')  ■t=S„p{p„)  ‘E, 

(12) 

where  E  stands  for  the  average  field,  and  it  follows  that  the 
electrical  resistance  in  each  spin  channel  is  essentially  given 
by  the  average  scattering  A  sampled  by  the  electron  in  the 
medium,  i.e.. 

This  conclusion  is  achieved  if  it  is  assumed  that  the  spin 
diffusion  length  is  much  larger  than  both  the  elastic  mean- 
free  paths  and  the  inhomogeneity  length  scales,  in  which 
case  the  continuity  equation  for  each  spin  component  of  the 
current  density, 

V-jay3(r)  =  0,  (14) 

is  satisfied. 

On  the  other  hand,  in  the  local  limit,  defined  as  the  lim¬ 
iting  scenario  when  all  local  mean-free  paths  are  much 
smaller  than  the  inhomogeneity  lengths,  the  constitutive  re¬ 
lation  (5)  becomes  local;  more  precisely,  the  local  conduc¬ 
tivity  becomes  the  produce  of  a  one  point  conductivity  func¬ 
tion  and  the  delta  function  ^r-r').  The  electric  field  is  then 
the  product  of  the  local  resistivity  and  the  current  density, 
where  the  global  resistivity  is  also  p„  along  a  typical  current 
line,  with  the  current  constrained  via  Eq.  (14). 

From  our  analysis  of  limiting  cases  we  conclude  that  our 
theory  predicts  that  granular  solids  are  magnetically  self¬ 
averaging,  due  to  randomness  in  the  distribution  of  gran¬ 
ules.  In  effect,  the  current  line  picture  suggests  that  the  glo¬ 
bal  resistivity  is  proportional  to  the  average  scattering  A^  in 
each  spin  channel,  for  all  length  scales,  like  for  the  CPP  case. 
On  the  other  hand,  in  the  local  limit  for  granular  solids, 
current  lines  do  not  necessarily  sample  all  the  scattering  in 
the  medium  but  they  only  partially  sample  the  scattering  in 
the  granules.  Of  course,  the  interfaces  are  probed  regardless 
of  the  relative  values  of  the  local  resistivities.  This  shows 


that  the  local  resistivity  and  the  current  cannot  be  completely 
disentangled.  In  conclusion,  we  see  that  the  only  difference 
between  the  two  limiting  cases  is  at  most  the  contribution 
from  the  granules.  Thus,  the  scale  dependence  of  the  magne¬ 
toresistance  will  show  up  exponentially  with  respect  to  the 
size  of  the  granules  but  not  with  respect  to  the  average  dis¬ 
tance  between  adjacent  granules.  In  this  sense,  granular  sol¬ 
ids  are  magnetically  self-averaging.  It  should  be  noticed  that 
these  conclusions  are  based  on  our  choice  of  a  model  in 
which  the  electrical  resistivity  arises  from  short-range  impu¬ 
rity  scattering  within  each  region  of  the  system  rather  from 
scattering  by  entire  regions. 

In  summary,  we  have  derived  the  two-point  conductivity 
of  inhomogeneous  magnetic  structures,  as  well  as  the  global 
resistance  and  magnetoresistance  of  magnetically  self¬ 
averaging  systems,  for  which  we  have  shown  that  they  are 
independent  of  the  average  distance  between  adjacent  mag¬ 
netic  regions. 
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Giant  magnetoresistance  of  dilute  Cu(Co)  granular  films 

R.  J.  Gambino,®^  T.  R.  McGuire,  J.  M.  E.  Harper,  and  Cyril  Cabral,  Jr. 

IBM  Research  Division,  T.  J.  Watson  Research  Center,  Yorktown  Heights,  New  York  10598 

Granular  films  of  Cu  (Co)  with  Co  concentrations  from  5.4%  to  12%  in  the  as-deposited  form  had 
magnetization  showing  about  60%  of  the  Co  as  ferromagnetic  particles  and  exhibited  giant 
magnetoresistance  (MR)  of  about  20%  at  4.2  K.  Annealing  at  ~310  °C  increased  the  MR  to  40% 
and  also  increased  the  saturation  magnetization  indicating  additional  Co  precipitation.  At  higher 
annealing  temperatures  MR  decreased  to  1%.  The  Zhang  theoretical  model  involving  polarized 
conduction  electron  scattering  at  particle  interfaces  seems  to  give  a  reasonable  description  of  our 
results  including  the  quadratic  behavior  of  MR  vs  [M(H)]^  and  MR  vs  [Af  j(r)]^. 


I.  INTRODUCTION 

Giant  magnetoresistance  discovered  by  Xiao  et  al}  and 
Berkowitz  et  al}  in  granular  Cu(Co)  alloys  represents  a  new 
approach  to  the  large  magnetoresistance  (MR)  found  origi¬ 
nally  in  multilayer  films.^’''  The  granular  films  consisting  of  a 
copper  matrix  with  precipitated  Co  particles  which  have  ran¬ 
dom  position,  random  size,  and  random  easy  axis  have  mag¬ 
netoresistive  changes  of  up  to  60%  at  4.2  K.  Both  the  mag¬ 
nitude  and  actual  shape  of  the  MR  as  a  function  of  applied 
magnetic  field  are  similar  for  both  the  granular  and 
multilayer  systems.  Granular  films,  however,  have  substan¬ 
tial  changes  in  MR  when  they  are  annealed.'’^  The  magnetic 
and  transport  properties  are  found  to  be  sensitive  to  both 
fabrication  conditions  and  annealing  procedures  because  co¬ 
balt  particle  concentration  and  particle  size  are  changed.^’® 

Recently  Zhang  and  Levy’’®  have  considered  the  origin 
of  MR  in  granular  films.  The  giant  MR  is  attributed  mainly 
to  the  conduction  electron  spin-dependent  scattering  at  the 
interface  of  the  Co  particle  with  the  Cu  matrix.  Expressions 
are  given  for  MR  in  terms  of  particle  concentration  (c),  av¬ 
erage  particle  radius  {r„),  and  normalized  magnetization 
(MIMs).  It  is  the  objective  of  the  present  work  to  examine  a 
series  of  films  where  c,  ,  and  are  varied  to  compare 
with  theory  and  to  increase  our  understanding  of  these  com¬ 
plex  systems. 

II.  EXPERIMENTAL  PROCEDURES  AND  RESULTS 

Film  samples  are  prepared  by  coevaporaiion  onto  12- 
cm-diam  oxidized  silicon  substrates  at  ambient  temperatures 
of  about  50  °C.  The  films  varied  in  thickness  from  ~0.6  to 
1.5  fim  and  Co  concentrations  from  5.4  to  12  at%.  The 
as-deposited  films  are  listed  in  Table  I.  Part  of  each  film  disc 
is  annealed  and  these  samples  are  listed  in  Table  II. 

Magnetization  measurements  are  made  using  a  Quantum 
Design  superconducting  quantum  interference  device 
(SQUID)  magnetometer  with  applied  fields  (H)  up  to  50 
kOe.  In  most  cases  films  are  peeled  off  the  silicon  substrate 
and  weighted  thus  the  saturation  magnetization  M,  is  given 
in  emu/g.  Resistivity  (p)  is  determined  by  the  van  der  Pauw 
method  and  is  given  in  /rQ  cm.  The  values  pn,^,,  and  Pn,in 
refer  to  resistivities  at  //“^O  and  H  at  40  kOe  as  illustrated  in 
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Fig.  1,  where  Ap=p„ax-Pinin  and  MR  is  Ap/p„,i„.  Vacuum 
oven  annealing  temperatures  are  given  in  the  last  column  of 
Table  II.  Data  on  M  and  p  in  the  tables  are  for  T =4.2  K. 

Figure  1  shows  details  of  both  MR  and  M  data  as  a 
function  of  H  for  our  film  with  the  largest  MR  which  is  Co 
12%  (No.  13  in  Table  II).  In  this  film  the  M j  at  124  emu/g  is 
based  on  12  at.  %  cobalt  in  particle  form.  If  the  Co  is  com¬ 
pletely  precipitated  from  the  Cu  matrix,  the  value  should  be 
^IfiO  emu/g  meaning  that  this  film  has  about  78%  precipi¬ 
tation  of  ferromagnetic  Co  particles  and  represents  a  value 
about  25%  higher  than  the  as-deposited  12%  (No.  5).  We 
note  that  all  the  12%  Co  listed  in  the  tables  have  low  values 
of  M,  compared  to  the  8%  film.  A  second  consideration  is 
that  the  resistivity  drops  from  values  of  ~20  /uflcm  and 
higher  for  as-deposited  films  to  ~4  /tD  cm  or  less  for  an¬ 
nealed  films  for  all  Co  concentrations.  This  decrease  in  p  is 
evidently  caused  by  the  increased  purity  of  the  Cu  matrix  as 
the  Co  precipitates  into  particles.  In  the  as-deposited  state  the 
matrix  is  a  Co-Cu  alloy  with  a  high  resistivity  due  to  impu¬ 
rity  scattering. 

The  MR  at  4.2  K  for  the  as-deposited  films  listed  in 
Table  I  is  around  20%.  When  the  film  is  annealed  two  things 
occur.  At  a  high  annealing  temperature,  the  MR  drops  to 
~1%,  while  at  7’=311  °C,  MR  can  increase  up  to  40%.  Evi¬ 
dently  a  delicate  balance  of  particle  size  and  Cu  purity  is 
needed  to  obtain  the  highest  value  of  MR.  The  Co  particle 
size  can  be  determined  by  analyzing  the  superparan<agnetic 
properties  of  the  films.  The  blocking  temperature  was  found 
from  the  temperature  dependence  of  the  coercivity.  The  par¬ 
ticle  diameter  (2r,„)  was  calculated  using  the  relation  for  the 
particle  volume  {V p):Vp  =  25 hTglK.  Using  the  anisotropy 
energy  K  of  Co  (X=4.5X10*  erg/cm^)  and  assuming 
spherical  particles  we  find  that  the  Co  particles  are  about  50 
A  in  diameter  in  all  the  as-deposited  films.  The  same  analysis 


TABLE  1.  As-dcpositcd  Cu(Co)  granular  films.  (Data  for  4.2  K.) 


No. 

Co 

(%) 

t 

(m) 

M, 

(emu/g) 

Pmax 

(/a(1  cm) 

Pram 

(/iH  cm) 

Ap 

(fifl  cm) 

MR 

(%) 

2 

5.4 

1.5 

140 

13.17 

10.50 

2.61 

25.4' 

3 

83 

1.5 

116 

28.21 

25.45 

2.76 

10.8 

4 

8.5 

0.6 

86 

15.57 

13  41 

2.16 

16.1 

5 

12.0 

0.6 

100 

24.29 

20.00 

4.29 

21.5 

'MR  extrapolated  to  l/H-^0. 
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TABLE  n.  Annealed  Cu(CO)  granular  film.  (Data  for  4.2  K.) 


No. 

Co 

(%) 

(/im) 

Ms 

(emu/g) 

PffiU 

(/aH  cm) 

Pmtn 

(jjt£i  cm) 

Ap 

(pH  cm) 

MR 

m 

Anneal 
(h)  (°C) 

6 

5.4 

1.5 

73 

14.50 

11.49 

3.01 

26.2 

1.0@325 

7 

8.3 

1.5 

163 

6.83 

5.04 

1.79 

35.6 

b 

8 

8.3 

1.5 

153 

3.08 

3.04 

0.04 

1.3 

1.5@350 

9 

8.3 

1.5 

185 
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'pin  ftil  cm  not  measured. 
*T)one  in  situ  at  300  °C. 


gives  a  particle  diameter  of  90  A  in  the  fully  annealed 
samples. 


III.  DISCUSSION 


Zhang  gives  the  following  equation  for  the  MR  in  granu¬ 
lar  films  with  single-domain  particles; 

(MimY 


Ap 


pI 


“71 


pI-pI 


1- 


\  Ms  I 


(1) 


FIG.  1.  (a)  Magnetization  and  (b)  resistivity  as  a  function  of  applied  field  for 
various  temperatures.  This  is  the  annealed  12%  sample  No.  13  Table  11. 


where  pi  and  pj  are  functions  of  c,  r„  and  includes  also  a 
ratio  Ps  (Pb),  of  the  electron  spin-dependent  to  spin- 
independent  scattering  potential  at  the  particle  surface  (bulk), 
as  well  as  the  conduction  electron  mean-free  path  at  the  sur¬ 
face  \s  and  in  the  bulk  of  the  particles  and  the  mean-free 
path  in  the  nonmagnetic  matrix.  If  we  accept  the  simpli¬ 
fication  that  the  bulk  and  the  interface-surface  scattering  of 
small  magnetic  particles  are  the  same  so  that  Pb=Ps 
X„=Xj,  Eq.  (1)  then  reduces  to 


^  ^ _ [2Ps{rm  +  ^)f _ 

Ps  I  1  1-c  r^ksV 

(l+P?)('-,„  +  3)+— -[2p,(r„  +  3)r- 

\  ^  ^nm  I 


(2) 


Large  Ap/p^  (MR)  is  thus  predicted  for  long  mean-free  path 
X„„  and  small  X^ .  The  MR  also  increases  with  particle  con¬ 
centration  c.  In  addition  MR  is  quadratic  in  magnetization  as 
a  function  of  field  and  is  largest  for  small  M.  At  zero  field 
where  the  point  of  maximum  MR  with  respect  to 

saturation,  Eq.  (2)  can  be  written 

\  ^P/Psl  '^Ps  ('•m  +  3)C  2/7^ 


We  wish  to  know  how  well  our  data  fit  the  Zhang  model 
as  given  by  Eqs.  (2)  and  (3).  From  Table  I  for  as-deposited 
films  MR  seems  to  be  large  in  the  film  having  the  highest  Co 
concentrations  No.  5.  The  large  value  of  MR  for  No.  2  (5.4% 
Co)  does  not  follow  this  trend.  In  addition,  this  film  (No.  2) 
has  the  lowest  value  of  resistivity  meaning  X„„  is  large  and 
the  largest  M,  of  all  the  as-deposited  samples  indicating  a 
larger  fraction  of  the  Co  is  precipitated. 

The  quadratic  behavior  given  by  the  proportionality 
Ap/pja{l-[A/(//)/Mj]^]  fits  quite  well  for  M  vs  H  de¬ 
pendence  as  shown  in  Fig.  2  for  films  No.  3,  8.3%  Co.  The 
quadratic  proportionality  holds  best  for  the  as-deposited 
samples  and  when  M  is  close  to  saturation  at  high  applied 
fields.  At  low  fields  in  the  annealed  samples  the  magneti¬ 
zation  may  increase  primarily  by  wall  motion  within  large 
particles  with  only  a  small  change  in  magnetic  interface  scat¬ 
tering.  Consider  also  the  affect  of  annealing  at  high  tempera¬ 
tures  which  causes  low  MR.  If  the  annealing  causes  a  pre- 
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FIG.  2.  Field  dependence  of  MR  at  4.2  K  as  a  function  of  l-[M(/f)/Af,? 
for  No.  3,  8.3%  Co.  Note  the  linearity  of  the  as-deposited  sample.  Similar 
behavior  is  observed  in  the  S.4%  and  12%  samples. 


FIG.  4.  Plot  of  and  (l->'c)/c  parameters  associated  with 

Eq.  (3)  in  text. 


» 


ponderance  of  large  Co  particles  without  smaller  particles 
which  take  large  fields  to  saturate,  then,  MR  is  low  as  ob¬ 
served. 

The  quadratic  dependence  is  also  observed  for  A/  as  a 
function  of  T  as  shown  in  the  plots  of  Fig.  3.  However,  Eq. 
(2)  has  a  positive  linear  slope;  this  slope  may  be  from  the 
temperature  dependence  of  the  mean-free  paths. 

A  final  consideration  is  to  use  Eq.  (3)  to  determine  the 
value  of  p,  or  the  ratio  \J\nm  plotting  {l+[l/(Ap/p)]}'^ 
vs  (1-cVc,  where  c  is  the  starting  Co  concentration.  The 
particle  size  is  assumed  constant  for  each  group  of  samples 
in  the  respective  tables.  Data  points  plotted  on  Fig.  4  for  the 
as-deposited  samples  are  scattered  sufficiently  so  that  a  quan¬ 
titative  fit  is  not  possible.  We  assume  the  annealed  samples 
with  the  highest  values  of  MR  are  the  most  like  the  Zhang 


FIG.  3.  Temperature  dependence  of  MR  as  a  function  of  1  -(Af(r)/Af,f  for 
film  No.  2,  5.4%  Co  as  deposited,  as  No.  13,  12%  Co  annealed. 


model,  i.e.,  isolated  single-domain  particles  in  a  pure  copper 
matrix.  These  data  give  a  small  positive  slope  with  an  inter¬ 
cept  of  1.65.  From  the  intercept  value  we  find  ,  the  ratio  of 
the  spin-dependent  to  spin-independent  scattering  potential  is 
about  3.  From  the  slope  and  assuming  r„  is  50  A  we  find 
\^/k„m=0.16.  In  other  words,  the  mean-free  path  in  the  non¬ 
magnetic  matrix  is  about  six  times  the  mean-free  path  in 
and  near  the  surface  of  the  magnetic  particles,  a  reasonable 
number. 

The  origin  of  the  MR  in  the  granular  alloys  fits  a  model 
that  polarized  conduction  electrons  from  random  easy  axis 
single-domain  Co  particles  are  scattered  by  particles  that 
have  not  fully  rotated  in  the  direction  of  the  applied  field. 
Application  of  a  large  field  fully  magnetizes  most  of  the  Co 
particles  and  the  resistivity  decreases.  If  the  particles  are  of 
sufficient  size,  they  all  rotate  together  during  magnetization 
and  no  differential  spin-dependent  scattering  is  found  and 
MR  is  small. 
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Dependence  of  giant  magnetoresistance  on  fiim  thickness  in  heterogeneous 
Co-Ag  aiioys 

J.  R.  Mitchell  and  A.  E.  Berkowitz 

Physics  Department  and  Center  for  Magnetic  Recording  Research,  University  of  California,  San  Diego, 

California  92093 

The  dependence  of  magnetic  properties  on  film  thickness  in  as-deposited  Co-Ag  alloys  is  discussed. 

Films  ranging  in  Co  concentration  from  0  to  100  vol  %  Co  and  thicknesses  between  100  A  and  1 
/um  were  deposited  by  sputtering  onto  Si(lOO)  substrates.  It  was  found  that  both  magnetoresistance 
(MR,  Ap)  and  MR  ratio  (Ap/p)  increase  with  thickness.  Resistivity  (p)  decreases  with  increasing 
thickness.  The  dependence  of  MR  ratio  on  concentration  of  Co  is  not  markedly  different  for  200  and 
2000-A-thick  samples.  Saturation  magnetization  is  roughly  constant  for  thicknesses  greater  than 
~200  A,  decreasing  rapidly  below  this  cutoff.  However,  most  of  both  the  thin  (200  A)  and  thick 
(2000  A)  films  begin  showing  magnetic  hysteresis  between  10  and  100  K.  The  differences  in 
transport  and  magnetization  properties  may  be  ascribed  to  differences  in  film  growth  for  thin  versus 
thick  films. 


I.  INTRODUCTION 

Much  interest  is  evident  in  the  giant  magnetoresistance 
(MR)  of  alloy  films.'"^  Most  of  the  work  in  this  field,  how¬ 
ever,  uses  samples  at  least  2000  A  thick.  The  properties  of 
thinner  alloy  films  are  technologically  and  scientifically  in¬ 
teresting.  We  report  the  effects  of  varying  layer  thickness  for 
Co-Ag  alloy  films. 

II.  EXPERIMENT 

Two  series  of  Co-Ag  films  were  produced  by  co¬ 
sputtering.  The  first  series  consists  of  films  varying  from  0  to 
100  vol  %  Co.  In  one  set,  at  each  concentration,  films  200  A 
(thin)  and  2000  A  (thick)  were  grown.  The  second  set  was 
comprised  cf  films  27  vol  %  Co,  with  thicknesses  ranging 
from  120  A  to  1  pm.  All  films  were  sputtered  onto  Si(lOO) 
substrates  at  room  temperature  as  previously  described.'^ 
Data  are  reported  for  as-deposited  samples  only.  Magnetore¬ 
sistance  data  were  taken  using  a  four-point  probe.  Magneti¬ 
zation  measurements  were  made  on  a  superconducting  quan¬ 
tum  interference  device  (SQUID)  magnetometer.  Volume 


20  (degrees) 

FIG.  1.  X-ray  diffraction  spectrum  using  Co  radiation  (\=  1.79  A)  for  a  26.5 
vol  %  Co  alloy,  as-deposited. 


concentrations  are  deduced  from  atomic  absorption  spectros¬ 
copy  measurements  of  Co  concentration,  assuming  all  Co 
appears  as  precipitates. 

III.  RESULTS 

The  x-ray  data  are  for  films  whose  thicknesses  are  nomi¬ 
nally  2000  A  or  greater.  In  general,  the  films  were  fee  and 
(111)  oriented.  However,  the  pure  Ag  film  was  fee  but  not 
oriented.  The  pure  Co  film  was  hep.  For  Co  concentrations 
greater  than  14  vol  %,  separate  Co  and  Ag  lines  are  clearly 
visible.  A  typical  diffraction  pattern  is  shown  in  Fig.  1.  As 
expected,  the  Co(lll)  line  is  shifted  from  the  bulk  value 
towards  the  Ag(lll)  line,  and  vice  versa.  Figure  2  summa¬ 
rizes  the  variation  in  lattice  parameter  with  vol  %  Co.  As  the 
Co  concentration  increases,  the  difference  between  the  cal¬ 
culated  and  the  bulk  lattice  parameter  increases  for  Ag  and 
decreases  for  Co.  In  addition,  the  intensity  of  the  Co(lll) 
line  increases  with  the  concentration  of  Co. 

Initial  analysis  of  finite  size  broadening  of  the  Co  line 
indicates  that  the  Co  crystallite  t'ze  varies  as  the  volume 
fraction  of  Co  is  increased.  Assuming  that  the  Co  grains  are 
close-packed  throughout  the  film,  one  can  also  calculate  an 


0  10  20  30  40  50  60 

Vol.%  Co 

FIG.  2.  Variation  of  Co  and  Ag  lattice  parameters  with  Co  concentration. 
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FIG.  3.  Variation  of  Co  grain  size  and  separation  for  2000-A-thick  films 
with  Co  concentration  (vol  %),  assuming  a  close-packed  array  of  particles. 
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FIG.  S.  Dependence  of  MR  ratio  at  r=  10  K  on  thickness.  All  samples  have 
27  vol  %  Co. 


average  intergranular  separation,  i.e.,  the  spacing  between 
the  centers  of  neighboring  particles.  Figure  3  summarizes 
these  results.  The  lines  in  Fig.  3  are  drawn  to  guide  the  eye. 
The  grain  size  increases  until  a  concentration  of  39  vol  %  Co 
is  reached.  The  Co  line  broadening  indicates  that  the  53 
vol  %  film  has  smaller  Co  grains.  However,  magnetic  hyster¬ 
esis  data  indicates  that  there  may  be  a  bimodal  distribution  of 
Co  grain  sizes.  The  smaller  set  of  grains  is  responsible  for 
the  broadening  that  gives  the  32  A  grain  size.  The  size  and 
separation  of  the  grains  for  the  sample  with  the  maximum 
magnetoresistance  are  33  and  40  A,  respectively.  Similar 
analysis  on  the  Ag  line  gives  a  grain  size  of  roughly  150  A 
for  all  samples.  This  is  supported  by  results  of  dark-field 
transmission  electron  microscopy  (TEM).  Analysis  of  the 
x-ray  data  for  thinner  films  is  ongoing.  Initial  results  indicate 
that,  at  the  same  concentration  of  Co,  the  Co  grains  are 
smaller  and  more  densely  packed  for  thinner  films. 

The  variation  of  MR  ratio  {Ap/p^,„),  where 
^P=Pmax"Pniin  Pmin~p(^~20  kOe),  With  Co  Concentra¬ 
tion  is  shown  in  Fig.  4.  All  MR  data  reported  herein  were 
taken  at  10  K.  The  MR  (Ap)  displays  a  similar  dependence 
on  volume  fraction  of  Co.  The  MR  ratios  of  the  thin  (200  A) 
and  thick  (2000  A)  films  peak  at  similar  volume  fractions  of 
Co.  In  the  thin  films,  however,  the  MR  ratio  peaks  at  a 


slightly  higher  concentration  and  does  not  fall  off  quite  as 
rapidly  with  increasing  volume  fraction  Co.  Since  one  ex¬ 
pects  both  the  size  and  packing  of  Co  particles  to  affect  the 
MR  ratio,  the  differences  in  the  MR  ratio  between  thick  and 
thin  films  indicates  variations  in  the  microstructure  with 
thickness.  Figure  5  displays  the  dependence  of  MR  ratio  at 
10  K  at  10  K  on  layer  thickness  for  27  vol  %  Co.  At  thick¬ 
nesses  <2000  A,  the  MR  ratio  falls  off  quite  rapidly.  The 
MR  displays  a  similar  variation. 

For  both  thick  (2000  A)  and  thin  (200  A)  films,  the 
high-field  (20  kOe)  resistivity  peaks  at  53  vol  %  Co.  This  is 
shown  (for  7"= 10  K)  in  Fig.  6.  The  peak  in  resistivity  is 
probably  due  to  impurity  scattering.  In  other  words,  the  elec¬ 
trons  traveling  through  an  Ag-rich  matrix  are  more  strongly 
scattered  by  the  “impurity”  (dissolved  Co)  than  by  defects  in 
the  matrix.  The  difference  in  resistivity  between  the  thick 
films  and  the  thin  films  also  varies  with  Co  concentration. 
The  percent  difference  in  high-field  resistivity  for  the  thick 
and  thin  films  is  smallest  at  the  peak  in  the  resistivity.  In 
addition,  at  a  fixed  concentration,  the  relative  resistivity  in- 
crea.ses  with  decreasing  thickness  as  shown  in  Fig.  7.  The 
data  shown  are  for  a  27  vol  %  Co  alloy  and  pure  Ag.  The 
small  variation  in  resistivity  for  the  alloy  cannot  be  ac- 


FIG.  6  Variation  of  high-field  (20  kOe)  resistivity  at  r=  10  K  with  Co 
concentration  for  both  thick  (2000  A)  and  thin  (200  A)  films. 
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Thickness  (A) 

FIG.  7.  Nonnalized  resistivity  (normalized  to  l-/rm-thick  film)  vs  thickness 
for  both  pure  Ag  and  a  nominally  27  vol  %  Co-Ag  alloy.  The  line  for  the 
pure  Ag  data  is  drawn  to  guide  the  eye. 

counted  for  by  considering  the  contribution  of  scattering  at 
the  air-film  and  substrate-film  interfaces.^’^  It  is  probable  that 
the  difference  in  microstructure  between  the  thick  and  thin 
films  mentioned  earlier  plays  a  role  in  the  variation  of  resis¬ 
tivity  with  thickness  seen  here. 

For  Co  concentrations  greater  than  10  vol  %,  the  satura¬ 
tion  magnetization  is  not  highly  dependent  on  fraction  of  Co 
present.  It  does,  however,  depend  on  layer  thickness.  At  a 
thickness  of  ~200  A,  the  saturation  magnetization  falls  off, 
as  shown  in  Fig,  8.  Thick  samples  with  concentrations  less 
than  35  vol  %  Co  do  not  exhibit  hysteresis  until  the  tempera¬ 
ture  is  less  than  100  K.  Thin  samples  with  less  than  50  vol  % 
Co  show  no  hysteresis  at  temperatures  above  100  K.  Again, 
these  data  indicate  differences  in  the  films’  microstructure, 
i.e.,  the  size  and  separation  of  the  Co  grains. 

IV.  DISCUSSION  AND  SUMMARY 

Although  a  decrease  in  resistivity  with  increasing  thick¬ 
ness  is  expected,  the  large  variation  in  the  magnetoresistance 
is  not.  The  variation  of  magnetoresistance  cannot  be  ac¬ 
counted  for  simply  by  the  increased  importance  of  scattering 
at  the  film  surfaces.  In  addition,  the  dependence  of  the  mag¬ 
netization  on  thickness  indicates  that  the  microstructure  of 
the  thin  films  differ  from  that  of  the  thick  films.  In  particular, 
the  size  of  the  Co  particles  and  degree  of  percolation  in  the 
thin  films  is  less  than  that  of  the  thick  films.  In  other  words, 
for  the  same  Co  concentration,  the  Co  particles  are  smaller 


FIG.  8.  Variation  of  saturation  magnetization  with  thickness  for  27 
vol  %  Co. 

and,  therefore,  closer  together  in  the  thin  films  than  in  the 
thick  films.  However,  transport  and  magnetic  measurements 
alone  are  insufficient  to  determine  this.  Other  methods  of 
structural  characterization  are,  therefore,  being  used  to  deter¬ 
mine  the  films’  microstructure. 

In  summary,  Co-Ag  alloys  have  been  produced  over  a 
range  of  concentrations  and  thicknesses.  The  variation  of 
MR  and  magnetization  with  concentration  is  similar  in  both 
the  thin  and  thick  films.  However,  there  are  differences  be¬ 
tween  the  properties  of  thick  and  thin  films.  These  variations 
indicate  differences  in  microstructure  between  the  films. 
Work  is  ongoing  to  determine  the  exact  nature  of  the  micro¬ 
structure  of  the  thin  and  thick  films. 
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Modulation-induced  giant  magnetoresistance  in  a  spinodaiiy  decomposed 
Cu-Ni-Fe  alioy 
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Giant  magnetoresistance  in  a  spinodaiiy  decomposed,  bulk  60  Cu-20  Ni-20  Fe  alloy  is  reported.  An 
annealed,  quenched,  and  heat-treated  sample  with  a  compositional  modulation  of  £50  A  size 
exhibits  a  tJilR  value  as  high  as  9%  at  4.2  K.  Optimization  of  the  ferromagnetic  phase  particle 
geometry  through  a  combination  of  spinodal  decomposition  and  uniaxial  deformation  led  to  a 
locally  multilayered,  superlattice-like  structure  and  a  dramatic  increase  in  room-temperature 
magnetoresistance  from  ~0.6  to  ~5%.  This  improvement  in  magnetoresistance  is  accompanied  by 
a  decrease  in  coercivity  from  ~620  Oe  in  the  fully  decomposed  material  to  ~45  Oe  in  the  optimized 
structure.  Interestingly,  this  structure  no  longer  exhibits  the  commonly  observed 
temperature-dependent  behavior  of  LRIR  iocreasing  at  low  temperatures,  but  rather  shows  a 
decrease  at  4.2  K. 


!.  INTRODUCTION 

The  giant  magnetoresistance  (GMR)  phenomenon  has 
been  discovered  in  recent  years  in  Fe/Cr,  Co/Cu,  and  various 
other  multilayer  superlattice  films*"’  as  well  as  in  heteroge¬ 
neous  (granular)  Co-Cu  thin  films^’’  These  multilayer  films 
exhibit  electrical  resistivity  which  decreases  with  magnetic 
field  (negative  magnetoresistance).  The  resistivity  change  is 
typically  in  the  range  of  5%-50%.  The  GMR  effect  offers  a 
possibility  of  convenient  magnetic  sensing,  e.g.,  as  a  high- 
resolution  transducer  (read  head)  for  magnetic  information 
storage  systems. 

In  the  present  paper,  we  demonstrate  that  the  GMR  ef¬ 
fect  is  not  restricted  to  thin-film  structures  but  can  easily  be 
obtained  in  bulk  materials  if  a  proper  microstructure  is  intro¬ 
duced,  for  example,  by  spinodal  decomposition  and  deforma¬ 
tion  in  a  Cu-Ni-Fe  alloy. 

I!.  EXPERIMENTAL 

A  60  Cu-20  Ni-20  Fe  (wt  %)  alloy  (Cunife  I,  commonly 
used  as  a  permanent  magnet),  in  the  form  of  ~5.0-mm-diam 
rod,  was  procured  from  UGIMAG  Inc.,  Valparaiso,  Indiana. 
The  as-received  material  has  the  coercivity  (Z/^)  of  ~620  Oe 
and  the  remanent  induction  (Br)  of  ~2400  G  at  room  tem¬ 
perature.  A  typical  aging  heat  treatment  to  obtain  these  prop¬ 
erties  is  an  isothermal  decomposition  at  650-700  "C  for  sev¬ 
eral  hours.  The  decomposed  alloy  was  then  either  annealed 
(950  "C/SO  min\  water  cooled,  and  heat  treated  to  obtain  fine 
spinodaiiy  decomposed  precipitates  or  uniaxially  deformed 
by  swaging,  wire  drawing,  and  cold  rolling  to  various  diam¬ 
eters  and  thicknesses.  The  evaluation  of  magnetoresistance 
was  carried  out  by  four-point  measurements  (typical  sample 
length  ~2  cm)  in  the  presence  of  an  in-plane  magnetic  field 
up  to  6  T.  M-H  hysteresis  loops  were  obtained  by  using  a 
vibrating  sample  magnetometer  and  a  hysteresigraph  ma¬ 
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chine.  The  microstructures  of  the  alloys  were  obtained  by 
high-resolution  transmission  electron  microscopy  using  a 
JEOL  4000  microscc  '«  operated  at  400  kV. 


III.  RESULTS  AND  DISCUSSION 

Shown  in  Fig.  1  are  the  magnetoresistance  (MR)  ratio 
versus  H  curves  at  4.2  K  for  the  annealed  and  quenched 
sample  as  well  as  post-heat-treated  samples.  The  MR  ratio 
^PmIPs  is  defined  here  as  ip-ps)/ps<  where  ps  is  the  resis¬ 
tivity  at  the  near-saturation  field  and  p  is  the  resistivity  at  a 
magnetic  field  H.  The  electrical  resistivity  of  the  alloy 
samples  at  //=0  is  about  20-25  pXiem  at  4.2  K,  which 
decreases  when  the  field  is  applied.  The  as-quench  sample 
shows  a  high  magnetoresistance  value  of  ~7.2%.  This  is 
further  increased  to  —9%  after  a  brief  heat  treatment  at 
450  °C/3  min  as  the  compositional  amplitude  of  the  modula¬ 
tion  is  increased  without  much  particle  coarsening.  More  ex- 


FIG.  1.  MR  ratio  vs  H  at  4.2  K  for  the  aonealed  and  quenched  or  heat 
treated  alloy. 
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FIG.  2.  TEM  micrograph  for  the  annealed  and  quenched  alloy  showing  a 
~30  A  sized  modulated  structure  of  the  Ni,  Fe-rich  phase. 

tensive  heat  treatment  only  reduces  the  MR  effect  presum¬ 
ably  due  to  the  coarsening  of  the  particles  and  reduced 
surface  scattering. 

The  Cu-Ni-Fe  alloy  is  known  to  decompose  spinodally 
into  a  uniformly  distributed,  modulated  two-phase  structure 
consisting  of  Ni,  Fe-rich  ferromagnetic  phase,  and  Cu-rich 
nonmagnetic  or  weakly  magnetic  phase. The  observed 
giant  magnetoresistance  in  the  alloy  is  attributed  to  the  for¬ 
mation  of  extremely  fine-scale  spinodally  decomposed  struc¬ 
ture  (Fig.  2),  which  shows  the  Ni,  Fe-rich  pha.se,  ~30  A  in 
size  and  marked  by  circles  (Moire  fringes),  dispersed  in  the 
Cu-rich  matrix.  The  size  scale  of  the  particles  is  comparable 
to  the  thickness  or  diameter  of  ferromagnetic  phase  in  other 
GMR  materials.'"’  The  spin-dependent  scattering  of  elec¬ 
trons  at  the  two-phase  interfaces  and  in  the  .strongly  ferro¬ 
magnetic  phase  is  expected  to  influence  the  magnetoresis¬ 
tance  behavior,  .similarly  as  in  the  multilayer  films'"’  and 
granular  materials."’’ 

The  samples  in  Fig.  1,  however,  exhibit  much  smaller 
values  of  MR  ratio  at  room  temperature,  less  than  about  one 
eighth  of  those  at  4.2  K.  The  exact  reason  for  this  severe 
temperature  dependence  of  MR  ratio  is  not  clearly  under¬ 
stood.  In  order  to  achieve  improved  MR  effect  at  room  tem¬ 
perature,  an  alternative  route  of  microstructural  control  was 
employed  as  described  below. 

The  initial,  as-received  (as-decomposed)  structure  con¬ 
taining  the  oversized  (~500  A  diameter)  ferromagnetic 
phase  particles,  Fig.  3(a),  was  subjected  to  a  uniaxial  defor¬ 
mation  to  produce  a  locally  multilayer-like  structure  with  a 
very  small  layer  thickness.  (Wire  drawing  from  5.0  to  0.25 
mm  in  diameter  followed  by  cold  rolling  to  about  0.052  and 
0.015  mm  thickness  to  produce  three  different  thicknesses  of 
the  ferromagnetic  phase  measured  or  estimated  to  be  about 
60,  15,  and  5  A,  respectively)  Shown  in  Fig.  3(b)  is  the 
deformation-induced,  superlattice-like  structure  with  a  15-A- 
thick  ferromagnetic  layers  separated  by  nonmagnetic  layers. 

Shown  in  Fig.  4  are  the  room-temperature  magnetoresis¬ 
tance  (MR)  ratio  (given  in  %)  versus  H  curve  for  the  alloy 
samples  with  different  particle  thicknesses.  As  shown  in  the 
figure,  the  MR  ratio  increased  from  ~0.6%  to  ~3.8%  after 
the  diameter  of  the  alloy  rod  was  reduced  by  wire  drawing 
from  ~5.0  mm  in  the  as-received  condition  to  ~0.25  mm 
(99.75%  reduction  in  cross-sectional  area).  The  particle 
thickness  of  the  ferromagnetic  phase  wa^  reduced  from 


FIG.  3.  Sectional  TEM  micrographs  of  the  Cu-20Ni-20Fe  alloy,  (a)  as- 
rcccivcd,  (b)  after  99.94%  deformation.  The  darker  phase  is  the  Fe,  Ni-rich 
ferromagnetic  phase. 

~500  A  to  an  approximate  size  of  ~60  A  (roughly  estimated 
u.sing  the  particle  thickness  in  the  similarly  but  more  exten¬ 
sively  deformed  sample  of  Fig.  3(b),  which  was  given 
~99.94%  reduction  in  area).  The  reason  why  the  particle 
diameter  was  not  reduced  in  exact  proportional  to  the  change 
in  the  alloy  sample  diameter  is  probably  because  of  the  dif¬ 
ference  in  the  mechanical  properties  of  the  two  phases  in¬ 
volved.  The  observed  improvement  in  MR  ratio  is  attributed 
to  the  much  enhanced  spin-dependent  scattering  in  the  ul- 
trafine  structure,  similarly  as  in  the  multilayer  films.  Cold 
rolling  process  was  subsequently  applied  to  further  reduce 
the  dimension  of  the  ferromagnetic  phase  in  the  Cu-Ni-Fe 
alloy.  At  the  ribbon  thickne.ss  of  0.052  mm  [99.94%  reduc¬ 
tion  in  area  with  the  measured  particle  thickness  of  ~15  A, 
Fig.  3(b)],  the  MR  ratio  was  measured  to  be  as  high  as  5%  as 


Field  (kOe) 

FIG.  4.  MR  ratio  vs  H  at  room  temperature  of  the  deformed  Cu-Ni-Fe 
samples.  1'he  measured  or  estimated  particle  thicknesses  of  the  ferromag¬ 
netic  phase  are  indicated 
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FIG.  S.  Temperature  dependence  of  the  MR  ratio  for  the  sample  of  Fig.  2 
(curve  1)  and  that  of  Fig.  3(b)  (curve  2). 


shown  in  Fig.  4.  After  additional  rolling  to  a  0.015-nini-thick 
ribbon  (99.984%  reduction  in  area  with  an  estimated  particle 
thickness  of  ~5  A),  however,  the  MR  ratio  decreased  to 
~3.9%.  There  appears  to  be  an  optimal  particle  thickness  of 
the  ferromagnetic  phase  for  the  largest  MR  ratio  in  the  Cu- 
Ni-Fe  alloy. 

Shown  in  Fig.  5  arc  the  MR  ratio  versus  temperature 
curves  for  both  the  modulated  sample  of  Fig.  2  and  the  de¬ 
formed  sample  of  Fig.  3(b).  It  is  interesting  to  note  that  the 
MR  ratio  for  the  deformed  Cu-Ni-Fe  alloy  sample  (curve  2) 
at  4.2  K  is  not  significantly  different  from  that  at  room  tem¬ 
perature  and  in  fact  smaller  than  the  room-temperature  value 
for  the  0.052-mm-thick  sample.  This  is  a  rather  unusual  be¬ 
havior  when  compared  to  the  annealed,  quenched,  and  heat- 
treated  (450  °C/3  min)  Cu-Ni-Fe  alloy  (curve  1)  in  which  the 
MR  ratio  increases  significantly  (by  a  factor  of  ~8)  when 
cooled  from  room  temperature  to  4.2K.  Many  multilayer  thin 
films  with  GMR  effect  also  exhibit  a  two  to  three  times  in¬ 
crease  in  the  MR  ratio  upon  cooling  to  4.2  K,  which  is  gen¬ 
erally  interpreted  in  terms  of  relatively  strong  temperature- 
dependent  decrease  in  resistivity  combined  with  a  rather 
weak  temperature  variation  of  Ap^ . 

The  M-H  hysteresis  behavior  of  the  Cu-Ni-Fe  alloy 
samples  is  significantly  affected  by  the  material  processing 
employed  in  this  study.  As  the  deformation  reduced  the  p?'- 
ticle  thickness  of  the  ferromagnetic  phases  from  ~500  to 


—IS  A,  almost  close  to  the  superparamagnetic  regime,  much 
of  the  original  permanent  magnet  properties  were  lost.  The 
coercivity  is  reduced  from  —620  to  —45  Oe,  and  the  rema- 
nence  ratio  (M^IMs)  from  0.87  to  0.21.  The  near-saturation 
magnetization  at  H=3  T  of  the  deformed  sample  is  —175 
emu/cc  but  the  observed  10%  increase  in  magnetization  from 
1  to  3  T  field  indicates  that  the  ribbon  sample  is  not  fully 
saturated  at  i/=3  T  (and  even  at  6  T  from  the  MR  ratio 
versus  H  curves).  This  is  different  from  the  as-received 
sample,  the  magnetization  of  which  appears  to  saturate  at  a 
field  well  below  5  kOe.  Essentially  a  similar  M-H  behavior 
is  observed  at  4.2  K  except  that  the  remanence  ratio  is  even 
further  reduced  to  —0.05. 

IV.  SUMMARY 

The  giant  magnetoresistance  effect  has  been  created  in  a 
bulk,  spinodally  decomposed  or  deformed  Cu-20Ni-20Fe  al¬ 
loy  containing  an  ultrafine  ferromagnetic  phase,  either  as  dis¬ 
persed  particles  or  as  a  locally  layered  superlattice-like  struc¬ 
ture.  The  optimization  of  particle  geometry  through  a 
combination  of  heat  treatment  and  uniaxial  plastic  deforma¬ 
tion  led  to  a  drastic  increase  in  the  room-temperature  MR 
ratio  from  —0.6  to  —5%.  The  material  exhibits  a  rather  un¬ 
usual  temperature  dependence  of  magnetoresistance,  with  the 
MR  ratio  being  actually  higher  at  room  temperature  than  at 
4.2  K. 
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We  have  prepared  granular  films  of  Fe  (36  at.  %)-Mg  (64  at.  %)  and  measured  the  magnetization, 
resistance,  and  thermopower  as  a  function  of  the  applied  magnetic  field  at  temperatures  between  300 
and  6  K.  The  as-prepared  sample  has  a  magnetoresistance  ratio  (A/{//?„jj()  of  -6.3%  in  a  field  of 
5.5  T  at  6  K.  The  samples  were  annealed  at  temperatures  between  150  “C  and  228  °C  for  one  hour. 
The  MR  does  not  vary  as  the  square  of  the  magnetization,  as  predicted  by  theory.  We  attribute  this 
to  a  particle  size  distribution  effect. 


INTRODUCTION 

In  recent  years,  considerable  interest  has  developed  in 
the  magnetoresistance  (MR)  of  bimetallic  magnetic/ 
nonmagnetic  multilayers  and  granular  systems.  The  systems 
that  have  been  studied  most  thoroughly  are  Co/Cu,  Co/Ag, 
and  Fe/Cr.'"^  Most  of  the  early  theoretical  work  attributed 
the  MR  to  the  spin-dependent  scattering  at  the  magnetic/ 
nonmagnetic  interfaces.*"’  More  recently,  the  role  of  the 
spin-dependent  density  of  states  (DOS)  in  the  magnetic  me¬ 
dium  has  been  investigated.'*"'^  Measurements  of  the  MR 
and  magnetothermopower  (MTP)  in  Co/Cu  multilayers"  and 
Co/Ag  granular  systems'*  suggest  that  the  spin  dependent 
DOS  must  be  accounted  for  in  any  theoretical  explanation  of 
so-called  giant  magnetoresistance.  We  were  interested  in 
measuring  the  magnetization,  MR,  and  MTP  in  a  new  sys¬ 
tem,  and  chose  Fe-Mg  because  the  constituents  are  immis¬ 
cible  and  because  we  wanted  to  test  the  DOS  argument  in  a 
system  with  a  positive  thermoelectric  power. 

EXPERIMENT 

The  5800  A  thick  Fe-Mg  films  were  grown  by  coevapo¬ 
ration  under  ultrahigh  vacuum  onto  Si  and  thin  glass  sub¬ 
strates.  The  concentrations  were  measured  using  inductively 
coupled  plasma  photoemission  spectroscopy.  The  samples 
contained  Fe  (36  at.  %)  and  Mg  (64  at.  %).  ITie  volume  ratio 
is  roughly  20%.  A  more  complete  description  of  the  growth 
process,  as  well  as  an  analysis  of  the  as-prepared  sample,  can 
be  found  in  an  article  by  Araga,  Kita,  and  Tasaki.'** 

Four  samples  were  sealed  in  small  evacuated  quartz 
tubes  and  annealed  at  temperatures  of  150  °C,  204  °C, 
210  °C,  and  228  ®C  for  one  hour.  The  temperature  of  the 
quartz  tube  containing  the  sample  was  monitored  in  situ  and 
fluctuated  less  than  2  °C.  We  measured  the  magnetization  of 
the  samples  using  a  SQUID  magnetometer  in  fields  of  up  to 
5.5  T  and  at  temperatures  from  6  to  300  K.  Tlie  resistance 
was  determined  using  a  conventional  four-lead  DC  measure¬ 
ment  in  fields  of  up  to  7  T.  The  temperature  of  the  samples 
could  be  varied  from  4.2  to  300  K.  At  around  6  K,  the  lowest 
temperature  at  which  measurements  were  taken,  the  fluctua¬ 
tion  in  the  sample  temperature  was  relatively  large,  about  ±2 
K;  however,  the  measured  temperature  dependence  of  the 


resistance  was  small.  The  uncertainty  associated  with  the  re¬ 
sistance  measurements  is  ±0.05%.  We  measured  the  thermo¬ 
electric  power  of  the  as-prepared  sample  in  fields  of  up  to  8 
T  at  100,  200,  and  300  K.  This  was  done  by  varnishing  one 
end  of  the  sample  to  the  copper  sample  holder  and  a  chip- 
resistor  heater  to  the  other  end.  The  voltage  leads  were  made 
of  thin  (0.002  in.)  lead  wires  that  were  attached  to  the  sample 
with  silver  paint.  The  contribution  of  the  lead  leads  to  the 
measured  thermoelectric  power  was  subtracted  out  using  the 
recommended  values  for  the  absolute  thermoelectric  power 
of  lead.'*  The  temperature  gradient  was  monitored  with  a 
type-£  differential  thermocouple  that  was  varnished  to  the 
sample.  A  temperature  difference  of  0.5  K  was  used  in  the 
measurements.  The  applied  field  was  in  the  plane  of  the 
sample,  parallel  to  the  thermal  gradient. 

RESULTS 

The  as-prepared  sample  was  studied  by  Araga,  Kita,  and 
Tasaki. '“*  Their  work  is  summarized  here.  High  angle  x-ray 
diffraction  scans  showed  no  Fe  peaks,  indicating  that  the  Fe 
is  amorphous.  Magnetization  curves  for  the  as-prepared 
sample  did  not  fit  to  a  single  Langevin  function,  which  indi¬ 
cates  that  the  Fe  particles  vary  in  size.  The  curves  couid  not 
be  represented  by  a  single  function  of  HIT.  This  suggests 
that  the  Fe  particles  are  weakly  coupled.  Using  a  mean  field 
model  with  a  discrete  distribution  of  particle  sizes,  they  have 
determined  that  the  average  Fe-particle  moment  is  220/.tg . 

Magnetization  curves  taken  at  6  K  are  shown  in  Fig.  1(a) 
for  all  the  samples.  Clearly,  the  initial  susceptibility  increases 
rapidly  as  the  annealing  temperature  is  increased.  At  this 
temperature  the  samples  are  hysteretic,  but  with  coercive 
fields  too  small  to  be  observable  at  this  scale.  The  samples 
annealed  at  higher  temperatures  (210  °C  and  228  °C)  have  a 
ferromagnetic  contribution  that  can  be  readily  observed  in 
the  300  K  magnetization  curves  shown  in  Fig.  1(b). 

In  order  to  quantify  the  magnetization  curves,  we  make 
the  simplifying  assumption  that  the  system  consists  of  three 
components:  a  ferromagnetic  cluster,  smaller,  and  larger  par¬ 
ticles.  Implicit  here  is  the  assumption  that  the  annealing  pro¬ 
cess  ripens  the  system,  producing  a  connected  region  that 
remains  ferromagnetic  at  300  K.  We  approximate  the  distri- 
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FIG.  1.  (a)  The  6  K  magnetization  curves  for  the  Fe-Mg  as-prepared  sam¬ 
ple  and  the  samples  annealed  at  the  temperatures  indicated,  (b)  The  300  K 
magnetization  curves  for  the  Fe-Mg  samples  annealed  at  210  °C  and 
228  “C 


bution  of  smaller  clusters  as  bimodal.  We  can  fit  the  data  to 
the  sum  of  a  ferromagnetic  and  two  Langevin  contributions, 
for  which  the  smaller  particles  have  a  magnetic  moment  of 
approximately  lO/ig ,  independent  of  annealing  temperature, 
and  the  larger  particles  have  a  moment  that  depends  on  the 
annealing  temperature.  In  the  as-prepared  sample,  there  is  no 
ferromagnetic  contribution,  and  the  smaller  and  larger  par¬ 
ticles  (whose  moment  is  about  ISOfis  )  contribute  equally  to 
the  total  magnetization.  As  the  annealing  temperature  is  in¬ 
creased,  the  larger  particles  grow  in  size  to  about  ISOfig, 
their  contribution  to  the  magnetization  increases,  and  a  fer¬ 
romagnetic  component  appears,  all  at  the  expense  of  the 
smaller-particle  contribution.  After  annealing  at  228  ®C,  the 
ripening  process  is  apparently  complete,  and  essentially  all 
the  Fe  atoms  are  part  of  the  ferromagnetic  cluster. 

The  MR  ratio,  at  6 

K  is  plotted  in  Fig.  2  for  all  the  samples.  (Since  the  resis¬ 
tance  does  not  saturate,  we  divide  by  the  maximum  resis¬ 
tance,  which,  like  the  magnetization,  shows  a  slight  hyster¬ 
esis  and  occurs  at  fields  very  close  to  zero.)  The  MR  and 
resistivity  data  are  summarized  in  Table  I.  In  all  samples 
annealed  at  210  °C  or  less,  the  resistance  shows  no  sign  of 
saturation  in  fields  of  less  than  7  T,  and  the  resistivities  are 
quite  high,  80-130  /jlD,  cm.  In  contrast,  the  sample  annealed 
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FIG.  2.  The  magnetoresistance  ratio  AR/R,^  at  6  K  for  the  Fe-Mg  granu¬ 
lar  samples  annealed  at  the  indicated  temperatures. 


at  228  “C  saturates  in  a  field  of  less  than  1  T,  and  its  resis¬ 
tivity  is  much  lower,  ~18  /dl  cm. 

The  magnetization,  MR,  and  resistivity  measurements 
suggest  that  the  system  ripens.  In  the  as-prepared  state,  the 
amorphous  Fe  granules  have  a  broad  size  distribution.  Upon 
annealing,  the  small  Fe  particles  migrate  into  the  larger  clus¬ 
ters,  and,  since  the  Fe  concentration  is  above  the  percolation 
threshold,  the  Fe  clusters  may  form  a  ferromagnetic  infinite 
percolating  cluster.  The  resistivity  and  MR  drop  because  the 
infinite  cluster  provides  a  channel  through  which  the  elec¬ 
trons  may  flow,  uninterrupted  by  strong  interfacial  or  spin- 
dependent  scattering. 

In  Fig.  3  we  plot  the  MR  ratio  versus  the  square  of  the 
magnetization  for  ull  samples  at  6  K.  The  MR  does  not  de¬ 
pend  upon  the  square  of  the  magnetization,  as  predicted.'" 
We  argue  that  this  is  due  to  the  particle  size  distribution. 

If  the  electrons  scatter  primarily  from  defects  in  the  bulk 
of  the  granules,  the  granules  will  contribute  to  the  resistance 
according  to  their  volume.  In  this  case  the  MR  will  vary  as 
M^.  If,  however,  the  electrons  scatter  primarily  at  the  surface 
of  the  granules,  the  granules  will  contribute  to  the  resistance, 
according  to  their  surface  area.  Because  the  magnetization 
depends  on  the  volume,  the  MR  will  not  vary  as  M~  in  this 
case  if  the  granules  vary  in  size.  This  is  because  at  low  fields 
the  larger  particles  magnetize  easily  but  reduce  the  resistance 
rather  feebly.  As  the  field  is  increased,  the  smaller  particles 


TABLE  I.  A  summary  of  the  magnetoresistance  and  resistivity  data  for  the 
Fe-Mg  granular  samples. 


Annealing 

temperature 

CC) 

(%) 

at/f  =  5  5  T, 
r=300  K 

(%) 

at//  =  5.5  T, 
T=6  K 

p  (yufl  cm)  ±10% 
at  300  K 

As-prepared 

-0.78 

-6.3 

130 

150 

-0.90 

-6.6 

120 

204 

-0.70 

-5.3 

86 

210 

-0.77 

-4.9 

90 

228 

-0.39 

-15 

18 
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FIG.  3.  The  magnetoresistance  ratio  plotted  against  the  square  of 

the  magnetization  for  the  Fe-Mg  granular  samples  annealed  at  the  indicated 
temperatures. 

begin  to  align,  and,  because  of  their  larger  surface  to  volume 
ratio,  reduce  the  resistance  more  strongly. 

The  zero  field  thermoelectric  power  at  300  K  of  the  as- 
prepared  sample  was  -9.7  /LtV/K±0.3/tV/K.  This  value  is 
below  the  values  of  both  Mg  (-0.97  /XVfK)  and  Fe  (+15 
ytiV/K).  We  measured  the  MTP  of  the  sample  to  determine  if 
the  TEP  varied  as  the  inverse  of  the  resistance  as  has  been 
reported  in  other  systems.'*'*^  It  has  been  shown  that  such  a 
scaling  relationship  holds  only  when  the  electrons  are 
strongly  scattered  into  the  spin-split  d  bands  of  the  magnetic 
granules.*^  Spin-dependent  scattering  alone  will  not  produce 
such  behavior.  We  measured  a  change  in  the  TEP  from  -9.7 
/jlV/K  in  the  zero  field  to  - 10.5  fiV/K  in  a  field  of  8  T,  and, 
as  predicted,  the  TEP  varied  as  \/R.  This  suggests  that  the 
spin-dependent  density  of  states  of  the  d  bands  plays  an  im¬ 
portant  role  in  the  magnetotransport  in  this  system.  A  more 
complete  description  of  the  TEP  measurements  will  be  pre¬ 
sented  elsewhere. 

SUMMARY 

We  have  measured  the  magnetization,  MR,  and  TEP  of 
Fe-Mg  granular  samples  annealed  at  228  °C  and  below.  The 


magnetization  data  suggest  that  as  the  annealing  temperature 
is  increased,  the  Fe  particles  grow  larger,  and  a  fenomag- 
netic  contribution  emerges.  The  data  does  not 

have  an  dependence,  as  predicted  by  theory.  We  attribute 
this  to  a  particle  size  distribution  coupled  with  strong  inter¬ 
facial  scattering.  The  as-prepared  sample  has  a  zero  field 
thermopower  of  -9.7  fiV/K  at  300  K.  A  relatively  large 
MTP  effect  was  measured  in  fields  of  up  to  8  T,  and  the  TEP 
varied  as  the  inverse  of  the  resistance  as  predicted  by  the 
spin  split  density  of  states  model. 
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Giant  magnetoresistance  of  7.7%  at  5  K  is  observed  in  bulk  mechanically  alloyed  CojgAgyo.  Our 
recently  defined  <5(Ap/p)  technique  used  to  determine  the  predominant  interactions  within  the  system 
indicated  that  negative  interactions  dominate  between  the  particles.  Exchange  anisotropy  and 
metastable  magnetization  processes  characterized  by  large  Barkhausen  jumps  are  observed  at  low 
temperatures  on  a  small  volume  of  the  sample. 


I.  INTRODUCTION 

The  giant  magnetoresistive  properties  exhibited  by  anti- 
ferromagnetically  coupled  multilayered  films’’^  has  led  to  ex¬ 
tensive  interest  in  their  electrical  transport  and  spin- 
dependent  scattering  properties — stimulated  by  their 
potential  applications  as  magnetoresistive  sensors.  The  dif¬ 
ferent  scattering  probabilities  of  spin-up  and  spin-down  elec¬ 
trons  are  exploited  in  multilayered  films,  in  which  the  mean- 
free  path  of  the  electrons  is  greater  than  the  thickness  of  the 
layers,  with  the  result  that  there  is  no  low  resistance  channel 
when  the  alternate  magnetic  layers  are  antiparallel.  These 
same  requirements  are  satisfied  in  granular  magnetic 
materials,^  in  which  small  volumes  of  single  domain  mag¬ 
netic  material  are  dispersed  in  a  nonmagnetic  matrix.  .Spin- 
dependent  scattering  now  originates  from  the  randomly 
aligned  single  domain  regions,  and  is  a  maximum  when  there 
is  the  greatest  degree  of  magnetic  misalignment — usually 
close  to  the  zero  magnetization  points  on  the  hysteresis 
curve.  In  the  as-prepared  state,  the  material  may  tend  to  a 
single  phase  metastable  alloy,  however,  annealing  increases 
local  fluctuations  in  the  concentration  of  the  magnetic  spe¬ 
cies,  eventually  leading  to  phase  segregation  and  magneti¬ 
cally  rich  clusters.  The  two  metals  used  in  this  study  are  Co 
and  Ag,  in  which  most  of  the  spin-dependent  scattering  is 
thought  to  arise  from  the  interfacial  regions  between  the  Co 
and  Ag,  leading  to  a  particle  size  dependence  of 
magnetoresistance.''  The  discovery  that  multilayered  materi¬ 
als  are  not  a  prerequisite  for  giant  magnetoresistance  has 
encouraged  the  exploitation  of  different,  relatively  inexpen¬ 
sive,  preparation  techniques  capable  of  producing  metastable 
alloys  of  immiscible  materials  such  as  cosputtering^’^  and 
melt  spinning.^  In  this  study,  mechanical  alloying^'*  has  been 
used  to  produce  bulk  material  as  opposed  to  a  thin  film. 

II.  SAMPLE  DETAILS 

The  starting  material  for  the  mechanical  alloying  con¬ 
sisted  of  a  10  g  fine  powder  mixture  of  Co  (99.8%,  <2  /rm) 


and  Ag  (99.9%,  2-3  /rm)  in  a  3:7  atomic  ratio.  This  mixture 
was  ball  milled  in  a  Fritsch  PM5  ball  mill  for  42  h  with  170 
g  of  10  mm  stainless  steel  balls.  The  grain  size  of  the  result¬ 
ing  free  coarse  powder  was  approximately  100  ptm.  Chemi¬ 
cal  analysis  of  energy-dispersive  x  rays  in  a  scanning  elec¬ 
tron  microscope  indicated  that  the  Co3(,Ag7o  atomic 
composition  was  consistent  on  «  micron  scale,  and  that  iron 
impurities  were  less  than  1%.  Structural  analysis  using  x-ray 
diffraction  showed  broad  diffraction  peaks  corresponding  to 
those  expected  for  small  FCC  cobalt  particles  (a  o= 0.358 
nm)  embedded  in  a  FCC  silver  matrix  (ay =0.408  nm),  with 
the  width  of  the  peaks  indicating  particle  size  and  strain 
broadening.  All  measurements  were  made  on  the  as-prepared 
material  without  any  heat  treatment. 

Magnetization  measurements  as  a  function  of  tempera¬ 
ture  were  made  on  just  a  few  grains  of  the  powder  in  a 
SQUID  magnetometer,  on  a  larger  volume  pellet  in  a  vibrat¬ 
ing  sample  magnetometer  and  at  room  temperature  using  an 
alternating  gradient  force  magnetometer.  For  magnetoresis¬ 
tance  measurements,  a  pellet  of  2-mm  diam,  5  mm  final 
length  was  made  by  compressing  the  powder  under  an  iso¬ 
static  force  of  two  tonnes  at  room  temperature.  Magnetore¬ 
sistance  measurements  were  made  in  fields  up  to  ±1.4  T, 
with  the  current  both  parallel  and  perpendicular  to  the  ap¬ 
plied  field  by  ball  bonding  aluminium  wires  onto  the  ends  of 
the  cylinder. 

ill.  EXPERIMENTAL  RESULTS 

The  magnetization  loop  of  the  pellet  containing  a  rela¬ 
tively  large  volume  of  material  was  at  all  temperatures 
smooth,  symmetric,  and  hy.steretic,  as  shown  at  6  K  in  Fig.  1. 
This  corresponded  well  with  the  magnetoresistance,  whose 
peak  positions  coincided  with  the  coercive  field.  As  the  mea¬ 
surement  temperature  was  reduced,  the  hysteresis  in  both  the 
magnetization  and  magnetoresistance  curves  increased,  with 
the  maximum  value  of  the  latter  increasing  from  2.2%  at 
room  temperature  to  7.7%  at  5  K  (Fig.  2).  In  complementary 
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FIG.  1.  Magnetization  curve  at  r=6  K  for  a  pellet  of  mechanically  alloyed 

COsoAgTQ. 

experiments*  on  a  compressed  single  grain,  in  which  the  ef¬ 
fects  of  compacting  the  powder  are  removed;  the  magnetore¬ 
sistance  at  5  K  was  found  to  be  9.5%  compared  to  7.7%  in 
the  pellet,  thus  indicating  that  the  increased  spin-independent 
scattering  due  to  the  compaction  process  was  insignificant 
compared  to  the  change  in  magnetoresistance.  The  resistance 
measured  at  5  K  immediately  after  cooling  in  the  zero  ap¬ 
plied  field  was  0.85%  higher  than  at  any  time  during  subse¬ 
quent  field  sweeping.  This  difference  is  defined  as  S{^plpf 
and  can  be  correlated  with  the  magnetic  interactions  within 
the  sample. 

Magnetic  measurements  on  the  SQUID  magnetometer, 
however,  gave  evidence  of  metastable  magnetization  charac¬ 
terized  by  large  Barkhausen  jumps  corresponding  in  some 
cases  to  nearly  half  the  magnetization  reversing  in  one  move¬ 
ment.  Further,  the  actual  magnitudes  and  positions  of  the 
jumps  were  not  reproducible.  This  is  illustrated  in  Fig.  3,  in 
which  two  magnetization  curves  measured  in  nominally 
identical  conditions  are  plotted.  In  both  cases,  the  sample 
was  cooled  from  room  temperature  to  2  K  in  an  applied  field 
of  -8  T,  and  then  field  cycled  to  ±8  T.  The  saturation  value 
of  magnetization  was  4.0  nemu,  as  indicated  in  the  figure.  In 


Field  (tesla) 


FIG.  3.  Magnetization  curves  for  a  few  grains  of  Co3oAg7o  after  cooling  in 
an  applied  field  of  -8  T  to  r=2  K.  The  two  curves  were  measured  in 
nominally  identical  conditions. 

addition  to  the  metastability,  when  cooled  in  an  applied  field, 
the  hysteresis  loop  was  consistently  asymmetric,  with  the 
loop  shifted  toward  the  direction  of  the  field  applied  during 
cooling.  This  is  illustrated  in  the  sequence  of  Figs.  3,  4,  and 
5  in  which  the  sample  was  cooled  in  -8  T,  +8  T,  and  the 
zero  field  respectively.  Both  effects  of  exchange  anisotropy 
and  metastability  increased  as  the  temperature  was  lowered, 
a  much  reduced  effect  was  observed  at  175  K,  as  shown  in 
Fig.  6,  where  the  zero  field  cooled  and  field  cooled  in  ~8  T 
graphs  are  plotted  together. 

IV.  DISCUSSION 

The  large  hysteresis  present  in  the  magnetization  curves 
of  the  pellet,  even  at  room  temperature,  indicates  that  many 
of  the  particles  are  large  enough  to  be  blocked  at  room  tem¬ 
perature.  However,  the  remanence  at  5  K  is  still  only  30%, 
less  than  the  50%  expected  for  a  fully  blocked  system,  indi¬ 
cating  that  there  is  a  broad  particle  size  distribution.  The 
presence  of  giant  magnetoresistance  in  the  sample  shows  that 
in  this  temperature  region  there  are  active  single  domain 


FIG.  2,  Magnetoresistance  of  a  pellet  of  CojoAgy^  after  cooling  in  the  zero  FIG.  4  Magnetization  curve  of  a  few  grains  of  Co3oAg7o  after  cooling  in  an 
field  to  r=  5  K.  applied  field  of  +8  T  to  r=  2  K. 
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FIG.  5.  Magnetization  curve  of  a  few  grains  of  CojoAgjo  after  cooling  in  a 
zero  applied  field  to  7= 2  K. 


magnetic  regions  of  a  size  conductive  to  efficient  spin- 
dependent  scattering.  The  positive  value  of  ^Ap/p)  indicates 
that  negative  interactions  dominate  within  this  sample. 

As  neither  the  size  or  position  of  the  Barkhausen  jumps 
is  repeatable,  they  cannot  correspond  to  the  reversal  of  whole 
particles  of  Co.  The  situation  can  be  compared  to  that  of  an 
asperomagnet,  such  as  has  been  observed  at  extremely  low 
temperatures  in  DyCu.®  The  system  experiences  interactions 
between  the  particles — these  may  be  both  exchange  and  di¬ 
polar,  leading  to  coupling  of  both  signs.  The  particles  are, 
however,  constrained  by  the  strong  anisotropy  axes  of  the 
individual  particles.  As  the  temperature  is  lowered,  reducing 
their  thermal  energy,  the  effect  of  the  anisotropy  is  increased. 
Magnetization  reversal  then  occurs  by  cooperative  inversion 
of  a  group  of  interacting  particles,  conserving  both  the  an- 


Field  (tesla) 

FIG.  6.  Magnetization  curves  for  a  few  grains  of  CojyAgro  after  cooling  to 
7=  175  K  in  (a)  an  applied  field  of  -8  T  and  (b)  the  zero  applied  field. 


isotropy  axes  and  the  relative  orientations  of  the  coupled 
particles. 

The  observation  of  exchange  anisotropy  suggests  the 
presence  of  antiferromagnetic  regions  within  the  sample.*®  It 
is  possible  that  some  antiferromagnetic  CoO  has  formed  at 
the  interfacial  regions  between  the  Co  and  Ag  x-ray  photo¬ 
electron  spectroscopy  has  indicated  the  presence  of  a  small 
amount  of  oxygen  in  the  sample.  There  might  also  be  Co 
particles  experiencing  very  strong  antiferromagnetic 
coupling — consistent  with  the  positive  value  of  ^Ap/p)  ob¬ 
served  in  the  large  pellet. 

V.  CONCLUSION 

This  study  has  provided  the  first  observation  of  giant 
magnetoresistance  (7.7%  at  5  K)  in  a  bulk  material  prepared 
by  mechanical  alloying.  Measurements  on  a  pellet  of  the 
material  indicated  a  broad  particle  size  distribution  and  net 
negative  interactions  between  the  active  magnetic  regions. 
The  ability  to  measure  just  a  few  grains  of  the  material  en¬ 
abled  us  to  observe  the  micromagnetic  behavior  of  this  ma¬ 
terial,  which  is  normally  averaged  out  in  a  larger  sample. 
Both  metastable  magnetization  processes  and  exchange  an¬ 
isotropy  were  observed  at  low  temperature.  The  hysteresis 
curve  was  characterized  by  large  Barkhausen  jumps  corre¬ 
sponding  to  cooperative  reversal  of  a  number  of  interacting 
particles,  whose  direction  of  magnetization  is  increasingly 
constrained  by  their  anisotropy  axes  as  the  temperature  was 
lowered. 
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Correlation  of  x-ray  diffraction  and  Mossbauer  effect  measurements 
with  magnetic  properties  of  heat-treated  CusoCoisFes  ribbons 

V.  G.  Harris,  M.  Rubinstein,  B.  N.  Das,  and  N.  C.  Koon 

U.S.  Naval  Research  Laboratory,  Washington,  DC  20375 

X-ray  diffraction  (XRD)  and  Mossbauer  Effect  (ME)  measurements  were  performed  on  heat-treated 
Cu8oCoi5Fe5  melt-spun  ribbons  in  an  attempt  to  understand  the  trends  in  magnetic  properties  with 
heat  treatment.  ME  measurements  indicate  that  the  majority  of  Fe  atoms  (86%)  occupy  sites  in 
ferromagnetic  FCC  CoFe  clusters  after  the  initial  quench.  A  heat  treatment  at  900  °C  acts  to 
complete  the  chemical  separation  of  Fe  from  the  Cu  matrix.  The  presence  of  Co  in  the  Cu  matrix, 
even  after  high  temperature  anneals,  provides  a  paramagnetic  component  that  prohibits  saturation 
even  at  high  fields. 


Spurned  by  the  recent  discovery  of  a  giant  magnetore¬ 
sistance  (GMR)  effect  in  granular  vapor-quenched  films  of 
Cu-Co  alloys,'’*  melt-spur,  ribbons  of  similar  compositions 
have  been  investigated  to  determine  if  a  GMR  effect  is  at¬ 
tainable  in  bulk  materials.^’'*  The  ribbon  samples  are  found  to 
display  a  GMR  effect  very  near  the  magnitude  of  the  vapor- 
quenched  films.  Like  the  films,  a  maximum  in  MR  is  attained 
after  a  heat  treatment  near  500  °C,  presumably  due  to  pre¬ 
cipitate  coarsening  to  a  critical  size  and  spacing.  However, 
both  bulk  and  film  samples  require  high  fields  to  saturate,  a 
characteristic  that  limits  their  technological  usefulness.  In  or¬ 
der  to  explore  the  role  of  structure  and  chemistry  in  the  mag¬ 
netic  behavior  of  these  samples,  we  have  substituted  Fe  for 
25%  of  the  Co  in  CU80C020  (creating  the  ternary  alloy: 
Cu8oCo,5Fej)  to  allow  Mossbauer  Effect  (ME)  measure¬ 
ments.  ME  investigations  of  dilute  Fe  and  Co  in  Cu  were 
performed  by  Gonser^  and  Nasu  et  al.^  in  the  mid-1960s  in 
pursuit  of  alternative  Mossbauer  source  matrices.  The  results 
of  those  previous  studies  will  be  used  here  as  a  guide  in 
understanding  the  ME  results  of  this  ternary  alloy. 

In  an  earlier  paper^  we  established  the  structural  re¬ 
sponse  and  magnetoresistance  properties  of  this  alloy  to  heat 
treatment  procedures.  In  this  paper,  we  present  new  results 
from  a  more  extensive  x-ray  diffraction  analysis,  including 
line  profile  modeling.  These  results  are  correlated  with  the 
Mossbauer  effect  measurements  to  explain  trends  in  mag¬ 
netic  properties  with  heat  treatments.  ME  measurements  in¬ 
dicate  that  most  (=*86%)  of  the  Fe  atoms  separate  in  the  form 
of  FCC  CoFe  particles  from  the  Cu  matrix  upon  the  alloys 
initial  quench.  A  heat  treatment  at  900  °C  acts  to  complete 
the  chemical  separation  of  Fe  from  Cu,  while  a  significant 
amount  of  the  Co  remains  in  the  Cu  matrix.  This  dilute  Co 
provides  a  paramagnetic  component  to  the  alloy’s  magneti¬ 
zation,  which  increases  the  field  required  to  saturate  the 
sample. 

Ribbon  samples  having  a  composition  of  CugoCO]5Fe5 
were  fabricated  via  a  traditional  melt-spinning  technique, 
where  the  molten  alloy  is  ejected  through  a  small  orifice  onto 
a  rotating  Cu  wheel.  Additional  details  of  the  melt-spinning 
operation  are  presented  in  Ref.  3.  The  as-spun  ribbons  are 
approximately  2  mm  in  width,  20  /rm  tnick,  and  up  to  sev¬ 
eral  meters  long.  They  are  reflective  on  both  the  free  stand¬ 
ing  side  and  the  Cu  wheel  side,  with  small  pinholes  visible  to 
the  unassisted  eye.  Several  lengths  of  the  melt-spun  ribbon 
were  annealed  at  temperatures  ranging  from  200  °C-900  ®C 
for  15  min  under  flowing  H2  gas. 


X-ray  diffraction  measurements  were  performed  on  all 
samples  using  a  6-26  diffractometer  equipped  with  a  Cu|(„ 
rotating  anode  source  operating  at  10  kW.  Preliminary  XRD 
results  have  been  presented  in  Ref.  3.  Here  we  present  a 
more  detailed  analysis  of  the  diffraction  patterns,  where  all 
diffraction  features  are  identified  and  indexed,  and  lattice 
parameters  for  each  phase  are  calculated  by  plotting  against 
the  Nelson-Riley  function.’  The  area  under  the  (111)  FCC 
diffraction  peaks  and  the  (110)  BCC  diffraction  peak  (when 
available)  were  calculated  by  least-squares  fitting  of  Lorent- 
zian  curves.  These  areas  were  converted  to  volume  fractions 
by  applying  the  appropriate  corrections  for  a  structure  factor 
and  diffraction  geometry." 

Fe  Mossbauer  Effect  (ME)  measurements  were  made 
on  all  samples  at  room  temperature  in  the  transmission 
mode.  Because  these  samples  were  not  enriched  in  ^’Fe, 
multiple  lengths  of  ribbon  were  overlaid  to  enhance  the  sig¬ 
nal.  The  resulting  ME  spectra  were  analyzed  by  least-squares 
fitting  of  multiple  Lorentzian  curves.  For  most  samples  the 
ME  profile  consists  of  a  well-defined  sextet  and  a  central 
broad  line.  The  sextet  is  associated  with  a  high-spin  magnetic 
site  common  to  ferromagnetic  a-Fe  and  the  central  reso¬ 
nance  line  was  established  by  Gonser*’  to  arise  from  para¬ 
magnetic  Fe;  that  is,  from  dilute  Fe  atoms  having  12  Cu  near 
neighbors.  Quadrapole  splitting  of  the  central  resonance  line 
from  the  presence  of  Fe-Fe  dimers,  trimers,  and  clusters  are 
not  resolved  in  our  data,  which  are  limited  by  the  signal  to 
noise  ratio.  The  ratio  of  the  area  under  the  sextet  to  the 
central  line  provides  a  measure  of  the  fraction  of  Fe  atoms 
occupying  magnetic  sites  to  those  occupying  paramagnetic 
sites. 

Figure  1  is  a  plot  of  the  (111)  diffraction  peak  for  the 
as-spun  CugoCoijFes  ribbon  sample  and  those  heat  treated  at 
400  °C,  500  ®C,  650  °C,  and  800  °C.  The  solid  curves  in  this 
figure  represent  fits  to  the  data  using  four  Lorentzian  curves: 
two  curves  for  each  phases’  ai  and  02  peaks.  To  simplify  the 
modeling  procedure  the  parameters  used  to  fit  the  02  peaks 
were  defined  in  terms  of  the  O]  position  and  amplitude  using 
theoretical  relationships.  A  summary  of  the  fitting  analysis  is 
presented  in  Table  1.  X-ray  diffraction  measurements  of  the 
as-spun  sample  illustrate  a  family  of  FCC  diffraction  lines 
having  a  lattice  parameter  of  3.6104  A.  The  smaller  diffrac¬ 
tion  feature,  appearing  near  20=43.7°,  corresponding  with 
the  (111)  diffraction  peak  of  a  precipitate  FCC  phase  having 
a  lattice  parameter  of  3.5848  A.  Approximately  11.6  vol  %  of 
the  as-spun  sample  exists  in  this  precipitate  phase.  The  ME 
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FIG.  1.  X-ray  diffraction  data  for  the  range  42  5°«2^44.5°  for  as-spun 
and  heat-treated  Cut^)CO|5Fej  ribbon  samples.  Annealing  temperatures  are 
listed  in  the  figure.  The  large  central  peak  at  26=43.4°  is  the  Oil)  diffrac¬ 
tion  peak  of  the  FCC  Cu-rich  phase  The  solid  curve  represents  the  least- 
squares  fit  to  the  experimental  data  using  Lorentzian  curves.  A  summary  of 
the  fitting  results  is  presented  in  Table  I. 

spectrum  for  this  sample  and  samples  annealed  at  200  “C, 
500  °C,  and  900  °C  are  presented  in  Fig.  2.  The  spectrum  for 
the  as-spun  sample  illustrates  a  well-resolved  sextet  with  a 
broad  central  resonance  line.  Modeling  measurements  indi¬ 
cate  that  86%  of  the  Fe  aioms  occupy  magnetic  sites,  likely 
within  the  FCC  CoFe  precipitate  phase.  The  phase  separation 
in  the  alloy  may  have  occurred  either  during  the  quenching 
process  or  prior  to  quenching  when  the  alloy  existed  in  the 
liquid  phase.  This  is  not  unexpected,  because  the  solubility 
of  both  Fe  and  Co  in  Cu  is  well  below  a  percent  under 
equilibrium  conditions  and  a  few  percent  at  500  °C.^ 


TABLE  I.  Summary  of  x-ray  diffraction  analysis  of  as-spun  and  heat-treated 
ribbons.  Notes:  FCC':  Cu-rich  phase,  FCC':  Co-rich  phase;  and  BCC: 
CoFe-rich  phase. 


T 

*  ann 

(lll)FCC' 

(lll)FCC' 

(IIO)BCC 

As-spun 
vol.  % 

88.4 

11.6 

rto  (A) 

3.6104+0.0025 

3.5848+0  0017 

200  °C 
vol.  % 

87.6 

12.4 

ao  (A) 

3.6112±0.0015 

3.5845  +0.0041 

300  °C 
vol.  % 

86.2 

13.8 

flo  (A) 

3  61130.0010 

3.5830+0  0014 

400  °C 
vol.  % 

85.5 

14.5 

Oo  (A) 

3.6103  +0.0009 

3.5833+0.0012 

500  °C 
vol.  % 

70.9 

3.7 

25.4 

flo  (A) 

3.6103  +0.0001 

3  5819+0  0028 

2.8347+0  0045 

650  °C 
vol.  % 

preferential  alignment  of  FCC  crystals 

flo  (A) 

3.6141  ±0.0002 

2.8413±  0.0005 

800  °C 
vol.  % 

preferential  alignment  of  FCC  crystals 

flo  (A) 

3.6143  +0.0003 

3.5743+0  0002 

2.8425  ±  0.0005 

Heat  treatments  at  temperatures  ranging  from  200  “’C- 
400  ®C  serve  to  (ii  increase  the  amount  of  the  secondary 
FCC  phase  from  11.8%  to  14.5%;  (ii)  increase  the  lattice 
parameter  of  the  Cu-rich  phase  toward  the  FCC  Cu  value; 
(iii)  decrease  the  lattice  parametei  of  the  CoFe-rich  FCC 
phase;  and  (iv)  increase  the  size  of  the  CoFe  particles,  as 
evidenced  from  the  sharpening  of  the  (111)  diffraction  peak 
at  20=43.7°  in  Fig.  1.  A  BCC  phase  forms  in  the  alloy  after 
an  anneal  at  500  °C.  Dark  field  TEM  analysis  of  this  sample 
illustrates  uniformly  dispersed  spherical  particles,  ranging  in 
size  from  less  than  100  A  up  to  250  A  in  diameter,  with  a 
mean  size  of  ’=“150  A.  The  diffraction  peaks  from  the  pre¬ 
cipitate  FCC  CoFe  phase  are  significantly  reduced  as  a  result 
of  this  heat  treatment,  suggesting  that  the  precipitate  FCC 
phase  has  transformed  to  a  BCC  structure.  Inspection  of  the 
CoFe  equilibrium  phase  diagram  indicates  that  a  BCC  CoFe 
phase  is  stable  over  a  composition  range  of  Fe;fCoi_;(, 
where  0«.r^0.725.  ME  measurements  indicate  that  ap¬ 
proximately  10%  of  the  Fe  atoms  remain  in  the  Cu  matrix  in 
this  sample.  An  anneal  at  650  °C  completes  the  transition 
from  CoFe  FCC  to  CoFe  BCC  as  the  FCC  peak  at  20=43.7° 
is  seen  in  Fig.  1  to  completely  disappear.  In  this  sample  the 
lattice  parameter  of  the  Cu-rich  FCC  phase  is  very  nearly 
equal  to  FCC  Cu  and  the  lattice  parameter  of  the  CoFe  BCC 
phase  is  equal  to  2.841  A,  the  value  reported  to  correspond 
with  the  Co72,sFe27,5  alloy.’ 

Heat  treatments  at  temperatures  ^=650  °C  facilitate  the 
formation  of  another  FCC  phase,  having  a  lattice  parameter 
of  3.574  A.  In  Fig.  1,  the  (111)  peak  of  this  phase  appears  at 
20=43.85°.  The  BCC  CoFe  phase  that  formed  in  samples 
annealed  at  500  °C  and  650  °C  has  undergone  a  BCC-+BCC 
+FCC  phase  transition.  This  transition  is  inconsistent  with 
the  CoFe  binary  phase  diagram,  which  indicates  that  a  binary 
alloy  of  Co75Fe25  quenched  from  800  °C  should  consist  of  a 
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FIG  2.  Mossbauer  effect  spectra  for  as-spun  and  heat-treated  CugoCoijFcs 
ribbon  samples.  The  solid  curve  represents  the  least-squares  fits  to  the  ex¬ 
perimental  data  using  Lorentzian  curves. 

mixed  phase  of  70%  BCC  Co72,5Fe27.5  (ao==  2.8410  A)  and 
30%  HCP  CogiFejg.^  The  presence  of  a  small  amount  of  Cu 
in  the  precipitate  may  have  stabilized  the  FCC  structure  in 
favor  of  the  HCP  structure.  Because  the  alloy  experiences  a 
slight  preferential  alignment  of  close-packed  crystallites,  we 
are  unable  to  accurately  measure  the  volume  fraction  of  these 
phases  in  samples  annealed  at  temperatures  ^650  °C.  The 
ME  spectrum  of  a  sample  annealed  at  900  °C  show  that  the 
central  line  has  been  eliminated,  indicating  that  100%  of  the 
Fe  atoms  occupy  magnetic  sites,  signaling  the  complete 
chemical  segregation  of  Fe  atoms  to  high  spin  magnetic 
sites. 

These  CugoCoisFe.;  ribbons,  similar  to  the  vapor- 
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quenched  Cu-Co  films,  experience  a  maximum  MR  effect 
after  a  15  min  anneal  near  500  °C,  presumably  due  to  pre¬ 
cipitate  coarsening  to  a  critical  size  and  spacing.  The  magni¬ 
tude  of  the  MR  for  these  samples^  is  comparable  to  values 
reported  for  Cu-Co  films.*’^  Measured  values  decrease  rap¬ 
idly  in  samples  annealed  at  higher  temperatures. 

The  decrease  in  MR  after  heat  treatments  at  temperatures 
^650  “C  can  be  attributed  to  two  mechanisms.  The  first  in¬ 
volves  particle  clustering  which  we  have  observed  directly 
via  dark  field  TEM  analysis  of  annealed  samples.^  The  clus¬ 
tering  of  magnetic  particles  will  act  to  reduce  the  spin- 
dependent  scattering  by  reducing  the  interfaces  between 
magnetic  and  nonmagnetic  regions.  The  second  mechanism 
is  associated  with  the  structural  transition  of  the  magnetic 
precipitate  from  FCC  to  BCC  over  the  annealing  range  of 
500  ‘’C-650  “C.  The  BCC  particles,  being  incoherent  in  the 
FCC  matrix,  will  act  to  increase  the  spin-independent  scat¬ 
tering  component  of  the  MR,  because  of  the  large  strain 
fields  that  exist  at  the  particle/matrix  interface.  It  remains 
unclear  as  to  which  mechanism  is  dominant  in  reducing  the 
MR  in  these  samples. 

SQUID  magnetometry  measurements  performed  on 
samples  at  room  temperature  show  them  how  to  saturate  at  a 
field  strength  near  8-10  kOe.  However,  at  4.2  K  the  magne¬ 
tization  curves  have  a  slight  positive  slope  over  the  satura¬ 
tion  region,  and  do  not  saturate  at  fields  up  to  6  T,  the  limit  of 
the  SQUID  magnetometer  used  here.  This  high  field  positive 
slope  is  evidence  of  a  paramagnetic  component  to  the  sam¬ 
ple’s  magnetization,  and  is  present  in  all  samples,  including 
the  sample  annealed  at  900  °C.  ME  measurements  indicate 
that  100%  of  Fe  atoms  segregate  to  high  spin  magnetic  sites 
after  a  heat  treatment  at  900  "C.  In  order  to  account  for  the 
paramagnetic  signal,  some  of  the  Co  must  either  remain  in 
the  Cu  matrix  or  rediffuse  during  high  temperature  anneals 
and  subsequent  quenching  operations.  Energy  dispersive 
x-ray  spectroscopy  performed  during  scanning  electron  mi¬ 
croscopy  indicates  that  a  significant  amount  of  Co,  with  very 
little  Fe,  remains  in  the  Cu  grains  after  high-temperature 
anneals.^  The  Cu-Co  equilibrium  phase  diagram  indicates 
that  «5  at.  %  of  Co  can  be  stabilized  in  the  Cu  matrix  upon 
quenching  from  800  "C. 
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We  have  investigated  the  effects  of  phase  segregation  and  compositional  variation  on  the  giant 
magnetoresistance  (GMR)  observed  in  heterogeneous  AgNiFe  alloy  films.  The  films  were  sputtered 
from  a  mosaic  Ag/NiFe/Fe  target  onto  glass  substrates  at  the  system  ambient  temperature.  They  had 
a  thickness  of  200-300  nm,  and  were  rapidly  thermally  annealed  (RTA)  under  vacuum  in  order  to 
promote  phase  segregation.  By  altering  the  amount  of  Fe  in  the  target  mosaic,  the  Ni:Fe  ratio  was 
systematically  varied  from  80:20  to  34:66  atomic  percent.  The  Ag  concentration  for  all  films  was 
fixed  at  78±5  atomic  percent.  The  GMR  was  maximized  using  a  RTA  temperature  of  650  °C. 
Annealing  at  higher  temperatures  decreased  the  saturation  field  of  the  GMR,  but  also  lowered  its 
size.  Changing  the  film  composition  had  little  effect  on  the  saturation  field  of  the  GMR,  but  for  both 
as-deposited  and  optimally  annealed  samples  the  magnetoresistance  was  found  to  decrease  as  the  Ni 
concentration  decreased. 


INTRODUCTION 

The  recent  discovery  of  giant  magnetoresistance  (GMR) 
effects  in  heterogeneous  alloys  has  greatly  stimulated  interest 
in  such  materials.  This  is  based  in  part  on  the  possibility  of 
their  use  in  magnetoresistive  heads,  magnetometry,  or  as  sen¬ 
sors.  The  effect  has  been  observed  in  cosputtered  thin  films 
of  Co-Cu,‘  Co-Ag,^  Fe-Ag,^  NiFe-Ag,'^  Co-Au,^ 
Ag-Co-Ni,®  and  Co-Fe-Ag,’  in  melt  spun  ribbons  of 
Co-Cu*  and  mechanically  alloyed  Co-Ag.®  It  is  assumed  to 
originate  from  the  spin-dependent  scattering  of  electrons,  ei¬ 
ther  within  or  at  the  interfaces  of  phase  segregated  magnetic 
particles  embedded  in  a  nonmagnetic  matrix.'®  When  the 
moments  of  the  partir'';:.  are  randomly  oriented,  the  resistiv¬ 
ity  is  higher  than  when  the  moments  are  aligned  by  the  ap¬ 
plication  of  an  external  magnetic  field.  Although  potential 
use  of  these  materials  in  magnetic  recording  may  be  pos¬ 
sible,  it  has  recently  been  shown  to  be  greatly  limited  by 
both  the  size  and  anisotropy  of  the  magnetic  particles." 

In  order  to  investigate  the  effect  of  varying  both  the  size 
and  anisotropy  of  the  magnetic  particles  on  the  GMR,  we 
have  deposited  Ag-Ni-Fe  films,  having  a  fixed  Ag  concen¬ 
tration  and  varying  Fe  and  Ni  concentrations.  In  bulk  Ni-Fe 
alloys,  such  variations  result  in  the  K^  value  of  the  alloy 
changing  sign,'^  and  for  Ni  concentrations  >31%  and  the 
magnetization  increasing  with  Fe  concentration.'^ 

EXPERIMENTAL  METHOD 

Ag-Ni-Fe  films  of  thickness  200-300  nm  were  RF 
sputtered  onto  glass  microscope  slides  at  the  system  ambient 
temperature  using  a  Nordico  2000  sputtering  system.  The 
target  consisted  of  a  4  in.  Ag  (99.999%)  disk,  onto  which 
NigoFe2o  and  Fe  0.25  cm^  squares  were  placed  in  a  mosaic 
pattern.  The  base  pressure  was  <2xl0”^  Torr,  the  sputtering 
pressure  was  8  mTorr  of  argon  and  the  sputtering  power  was 
300  W.  At  this  power  the  deposition  rate  was  found  to  be  «=3 
nm/s,  depending  on  the  target  mosaic  composition,  and  the 
deposition  times  were  fixed  at  1  min.  The  film  thicknesses 


were  measured  using  a  Tolansky  multiple  beam  interferom¬ 
eter  and  the  composition  determined  using  EDAX  on  a  Phil¬ 
lips  electron  microscope.  As  the  sputtering  rate  from 
NigflFeao  and  Fe  are  very  similar  the  film  composition  could 
be  controlled  by  adding  or  removing  squares  of  either  of  the 
two  magnetic  materials.  In  all  cases  the  Ag  content  of  the 
films  was  fixed  at  78  ±5  atomic  percent. 

To  promote  post  deposition  phase  segregation  and  mag¬ 
netic  particle  growth,  strips  ‘«7  mm  wide  diced  from  the 
substrate  were  rapidly  thermally  annealed  (RTA)  under 
vacuum.  The  system  uses  two  6  in.  2  kW  halogen  bulbs 
which,  produce  a  power  density  at  the  substrate  of  «=’80 
W/cm^.  The  bulb  illumination  is  controlled  by  a  signal  gen¬ 
erator  and  the  temperature  of  the  strips  is  measured  using  a 
thermocouple  mounted  directly  onto  the  sample  holder. 
Three  maximum  annealing  temperatures  were  investigated: 
600 , 650 ,  and  750  °C,  and  these  were  reached  in  '»20  s,  2 
min,  and  3  min,  respectively.  Due  to  the  walls  of  the  anneal¬ 
ing  chamber  being  radiatively  heated  during  the  annealing 
process,  the  cooling  times  for  the  maximum  annealing  tem¬ 
perature  varied  for  each  of  the  temperatures  used.  Thus  the 
sample  temperature  fell  to  <200  °C  in  1.5  min  and  6.5  min 
for  the  samples  heated  to  a  maximum  temperature  of  600 
and  650  °C,  respectively,  and  to  <250  “C  in  6  min  for  the 
sample  heated  to  a  maximum  temperature  of  750  "C. 

The  resistivity  and  magnetoresistance  of  the  films  were 
measured  at  room  temperature  using  a  computer  controlled 
four  point  probe  system  based  on  a  Keithley  196  digital  volt¬ 
meter.  The  maximum  field  that  could  be  applied  was  ®=9  kG, 
and  thus  the  magnetoresistance  is  underestimated  due  to  it 
not  being  fully  saturated.  Hysteresis  loops  of  the  films  were 
measured  at  room  temperature  in  fields  up  to  40  kG  using  an 
Oxford  Instruments  VSM  and  in  fields  up  to  8  kG  using  a 
VSM  constructed  at  the  Centre  for  Data  Storage  Materials  at 
Coventry  University.  The  as-deposited  samples  were  investi¬ 
gated  by  XRD  using  a  Philips  XRD  system. 
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FIG.  1.  Plot  of  the  magnctorcsistance  of  a  film  of  composition 
Ag72.gFC);Ni2i  7  for  four  different  rapid  thermal  annealing  temperatures.  ■, 
as-deposited;  ♦,  annealed  at  600  °C;  ▲,  annealed  at  650  "C;  and  ▼,  an¬ 
nealed  at  750  ”C. 

RESULTS 

It  was  found  that  for  all  film  compositions  the  annealing 
temperature  of  650  °C  produced  the  largest  GMR  (calculated 
using  [RiHo)  -  R(//max)/^(^itiax)]-  This  is  illustrated  in 
Fig.  1,  which  shows  the  effect  of  annealing  a  film  having  the 
composition  Ag72,gFe5  5Ni2i,7  atomic  percent.  Such  behavior 
has  previously  been  attributed  to  the  formation  of  ferromag¬ 
netic  particles  in  the  heterogeneous  film.  These  grow  to  an 
optimum  size,  dependent  on  the  electron  mean-free  path,  af¬ 
ter  which  any  increase  in  size  results  in  a  decrease  in  the 
GMR  due  to  the  decrease  in  particle  surface  to  volume 
ratio.*''  Although  the  largest  GMR  was  found  for  an  anneal¬ 
ing  temperature  of  650  °C,  a  more  extensive  study  of  the 
effect  of  annealing  this  type  of  material  would  be  required  to 
identify  the  optimum  annealing  cycle. 

Annealing  at  the  lower  temperature  (600  °C)  was  found 
to  increase  the  film  resistivity  by  '=5%- 10%.  However,  the 
magnetoresistance  of  most  films  was  unaffected  by  their  be¬ 
ing  annealed  at  this  temperature.  It  is  postulated  that  the 
increase  in  resistivity  observed  is  due  to  increased  phase  seg¬ 
regation  of  the  alloy  materials,  leading  to  an  increase  in  film 
disorder,  but  without  well-defined  ferromagnetic  particles  be¬ 
ing  formed.  When  the  films  were  annealed  at  a  higher  tem¬ 
perature  (650  ®C)  their  resistivity  decreased  (from  typically 
30-40  /iOhmem  to  10-15  yuOhmem),  and  magnetoresis¬ 
tance  increased  markedly.  This  is  consistent  with  an  increase 
in  both  grain  and  magnetic  particle  size.  Annealing  at  a  still 
higher  temperature  (750  °C)  lowered  the  saturation  field  of 
the  magnetoresistance,  but  also  decreased  its  size. 

The  effect  of  annealing  at  the  highest  temperature  inves¬ 
tigated  (750  °C)  on  the  hysteresis  of  the  films  is  shown  in 
Figs.  2  and  3.  These  figures  show  hysteresis  loops  for 
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FIG.  2.  Hysteresis  loop  of  a  film  having  the  composition  Ag72gFe5  5Ni2i  70 
as-deposited  and  annealed  at  a  maximum  temperature  of  750  °C. 

samples  having  the  composition  Ag72  8Fe5  5^21,7  atomic  per¬ 
cent  (Fig.  2)  and  Ag75  9gFe7  32Ni  16,40  atomic  percent  (Fig.  3). 
Note  that  no  attempt  has  been  made  to  correct  this  data  for 
the  diamagnetism  of  the  Ag  matrix  or  the  substrate.  As  can 
be  seen  from  these  figures,  the  approach  to  saturation  is 
much  more  rapid  in  the  annealed  samples.  This  is  consistent 
with  an  increase  in  the  size  of  the  magnetic  particles  on 
annealing,  rather  than  thermodynamically  driven  dilution. 

Figure  4  shows  the  GMR  of  both  the  as-deposited  and 
annealed  at  650  °C  samples  in  maximum  applied  fields  of  6.4 
kG.  As  can  be  seen  from  the  figure,  the  GMR  of  the  annealed 
samples  is  reduced  as  the  Ni:Fe  ratio  in  the  film  is  decreased 
below  0.4.  A  similar  decrease  was  also  found  for  the  samples 
annealed  at  a  maximum  temperature  of  750  °C.  Although  the 
possibility  exists  that  this  decrease  is  related  to  the  formation 
of  Ni/Fe  particles  having  the  Invar  composition  and  therefore 
greatly  reduced  magnetizations,  it  was  not  possible  to  obtain 
any  corroborating  structural  information  using  the  XRD  sys- 
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FIG.  3.  Hysteresis  loop  of  a  film  having  the  composition  Ag75  98Fe7  32Nii54o 
as-deposited  and  annealed  at  a  maximum  temperature  of  750  °C. 
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FIG.  5.  Grap)i  of  the  as-deposited  and  annealed  samples  resistivity  plotted 
against  their  NitFe  ratio.  ■,  as-deposited:  4 ,  annealed  at  600  °C;  A,  an¬ 
nealed  at  6S0  °C;  and  annealed  at  750  °C. 


FIG.  4.  Graph  of  the  magnetoresistance  of  the  as-deposited  and  annealed  at 
650  °C  samples,  plotted  as  a  function  of  the  NitFe  ratio.  Note  the  magne¬ 
toresistance  has  been  calculated  using  ff?(Afo)“^(Wm«)/R(Hm«)].  and  that 
the  maximum  applied  field  was  6  kG. 

tern  available.  However,  the  GMR  of  the  as-deposited  films 
(which  were  investigated  using  XRD  and  found  to  be  meta¬ 
stable  AgNiFe  alloy.s)  is  little  changed  as  the  Ni  concentra¬ 
tion  is  reduced.  Additionally,  the  decrease  observed  may  be 
related  to  small  changes  in  the  Ag(Ni/Fe)  ratio.  Despite  the 
change  in  the  Ni:Fe  ratio,  the  saturation  field  of  the  GMR 
was  found  to  be  broadly  constant,  for  a  given  annealing  tem¬ 
perature,  for  all  film  compositions. 

The  film  resistivity  as  a  function  of  composition  is 
shown  in  Fig.  5  for  each  annealing  temperature.  As  can  be 
seen  in  this  figure,  the  resistivity  of  the  samples  annealed  at 
an  elevated  temperature  (650  "C  and  750  °C)  is  broadly  con¬ 
stant  as  a  function  of  the  Ni;Fe  ratio.  However,  the  resistiv¬ 
ities  of  the  as-deposited  and  annealed  at  650  °C  samples  ex¬ 
hibit  a  shallow  minima  for  the  Ni:Fe  ratios  of  -“O.bO.  It  is 
possible  that  this  difference  in  behavior  reflects  differences 
in  iiie  spin-independent  electron  scattering  processes,  occur¬ 
ring  in  the  two  groups  of  films.  In  the  former  case  the  ferro¬ 
magnetic  atoms  have  lormed  particles,  while  in  the  later  case 
well-dispersed  magnetic  atoms  are  present. 

CONCLUSIONS 

Little  effect  of  changing  the  composition  of  the  ferro¬ 
magnetic  particles  formed  by  phase  segre^^ation  on  the  GMR 
saturation  field  was  observed.  It  is  postulated  that  this  is  due 
to  shape  and/or  stress  anisotropy  dominating  the  magnetiza¬ 
tion  pn  eess.  The  size  of  the  GMR  was  found  to  depend  on 
the  film  composition,  decioasing  with  increased  Fe  concen¬ 
tration.  It  is  postulated  that  tins  is  related  to  changes  in  the 
magnetic  particles’  magnetization,  resulting  from  the  varia¬ 


tion  in  their  Ni:Fe  concentration  ratios,  altering  the  spin- 
dependent  scattering  of  electrons  by  these  particles. 
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Single  layer  NiggFeisCois-Ag  thin  films  were  made  by  cosputtering  from  a  composite 
NiggFeieCois-Ag  target.  At  the  silver  rich  end  of  the  composition  range  (*='57%-80  at.  %  Ag)  we 
have  found  “giant”  magnetoresistance  (a  maximum  of  <^9%  at  room  temperature  at  »72  at.  %  Ag 
after  annealing  at  300  °C  for  j  h),  while  in  the  midcomposition  range  {«=42-«=57  at.  %  Ag),  we  have 
observed  anisotropic  magnetoresistance. 


I.  INTRODUCTION 

In  the  last  two  years,  remarkably  large  room  temperature 
GMR  ratios  have  been  observed  in  a  variety  of  single  layer 
film  systen..,^"''  prepared  by  codeposition  of  a  ferromagnet 
and  nonmagnet,  which  strongly  phase  separate  at  equilib¬ 
rium.  Single  layer  “granular”  GMR  appears  to  be  restricted 
to  alloy  systems  which  exhibit  extremely  small  mutual  solu¬ 
bilities.  Ni,  Fe,  and  Co  are  all  essentially  immiscible  in  Ag. 
Ni66Fei6Coi8  is  a  zero  magnetostriction  and  near  zero  mag¬ 
netocrystalline  anisotropy  material.**^  In  multilayer  geom¬ 
etries  this  alloy  has  yielded  promisingly  field-sensitive 
GMR.’ 

In  this  study,  NiggFeigCoig-Ag  single  layer  films  were 
made  over  a  broad  composition  range  (®«42-80  at.  %  Ag). 
Ag-rich  samples  (5=57  at.  %  Ag)  exhibit  familiar  granular 
GMR  behavior.  Samples  in  the  midcomposition  range  (from 
*«42-«=57  at.  %  Ag)  exhibit  classical  AMR.  A  maximum 
GMR  of  ^9%  at  room  temperature  at  “»72  at.  %  Ag  has 
been  found  after  annealing  at  300  "C  for  j  h.  The  magnitude 
of  AMR  observed  is  of  the  order  of  1%. 


II.  EXPERIMENTAL  METHODS  AND  MATERIALS 

A  series  of  (Ni66Fei6Co,8)ioo-xAgi  {x  varying  between 
=“42  at.  %  and  80  at.  %)  films  were  grown  on  7059  Corning 
glass  substrates  (2  in.  XI  in.)  from  a  4  in.  split  target  using 
different  sputtering  conditions  (pAr=5,  10,  and  15  mTon; 
power  =  100  W  and  200  W).  The  background  pressure  was 
5X10'’  Torr.  A  good  combination  of  high  GMR  at  the 
silver-rich  end  of  the  composition  spectrum  and  sharp  AMR 
peaks  at  the  midcomposition  range  of  the  spectrum  were 
found  for  Pai=15  mTorr  and  100  W;  that  set  of  films  is 
discussed  in  this  paper.  The  films  were  characterized  for  their 
magnetic  properties  and  structure.  The  characterization  tech¬ 
niques  used  are  explained  elsewhere.’  They  were  then  sub¬ 
jected  to  a  series  of  annealing  treatments  (first  and  second 
anneals  were  carried  out  each  at  300  °C  for  \  h,  while  a  third 
anneal  was  carried  out  for  samples  exhibiting  AMR  at 
400  °C  for  j  h)  in  a  high  vacuum  annealing  chamber. 


'^Department  of  Electrical  Engineering. 


III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Results  on  films  exhibiting  GMR 

Figure  1  shows  the  plot  of  magnetoresistance  (MR)  ver¬ 
sus  composition  (at.  %  Ag)  for  both  as-deposited  and  an¬ 
nealed  films  at  the  Ag-rich  end  of  the  composition  spectrum. 
There  is  a  gradual  rise  in  MR  values  with  increasing  Ag, 
with  a  maximum  of  about  9%  at  approximately  72  at.  %  Ag 
(following  the  anneal),  after  which  the  MR  value  begins  to 
decline.  A  broad  maximum  in  GMR  versus  composition  in 
the  range  30-40  at.  %  ferromagnetic  component  has  been 
observed  in  other  granular  systems.’’*  There  is  not  much  dif¬ 
ference  in  the  MR  values  in  the  as-deposited  and  annealed 
states  for  the  three  low  Ag  samples  (60, 64,  and  68  at.  %  Ag), 
but  a  considerable  improvement  in  the  MR  value  is  n  ted  in 
the  annealed  state  for  the  two  most  Ag-rich  samples.  A  plot 
of  MR  as  a  function  of  applied  field  for  the  sample  with  75.6 
at.  %  Ag  appears  in  Fig.  2.  The  MR  magnitude  increases 
from  4.5%  to  7.5%  on  annealing.  Annealing  also  sharpens 
the  MR  curve  at  low  fields.  This  sharpening  is  related  to 
ferromagnetic  particle  growth. 

Figure  3  reveals  the  variation  in  the  lattice  spacing  of  Ag 
(111)  as  a  function  of  at.  %  Ag  at  the  Ag-rich  end.  In  the 
as-deposited  state  there  is  a  marked  increase  in  the  lattice 
spacing  of  Ag,  as  the  composition  ot  the  films  become  more 
Ag  rich.  In  the  anr.ealed  state,  the  lattice  spacing  values  are 
independent  of  the  composition  and  close  to  (but  slightly  less 
than)  the  bulk  Ag  (111)  value  of  2.355  A.  This  is  an  indica¬ 
tion  that,  on  annealing,  the  Ag  more  completely  phase  sepa¬ 
rates  from  the  magnetic  particles.  Figure  4  shows  the  x-ray 
diffraction  scans  in  the  9-20  mode  for  a  sample  with  «63 
at.  %  Ag  in  the  as-deposited  and  annealed  states.  The  dashed 
lines  in  the  figure  are  drawn  at  the  pure,  bulk  positions  of  the 
Ag  (111),  Ni  (111),  and  Ag  (222)  peaks.  The  observation  of  a 
sharp  Ag  (111)  peak  and  the  suppression  of  the  Ag  (200) 
peak  is  evidence  for  a  (111)  growth  texture.  The  Ag  (111) 
peak  sharpens  and  moves  to  a  slightly  lower  angle  on  anneal¬ 
ing  [toward  bulk  Ag  (111)].  The  positions  of  bulk  Ni  (111), 
Ag  (200),  and  Co  (111)  are  located  at  20=44.49°,  20 
=44.27°,  and  20=44.21°,  respectively.  The  peak  observed 
next  to  the  Ag  (111)  can  be  due  to  the  partial  overlap  of  these 
three  peaks. 
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FIG.  1.  Giant  magnetoresistance  (%)  versus  composition  (at.  %  Ag)  for 
films  in  the  as-deposited  state  and  after  the  first  anneal. 


B.  Results  on  films  exhibiting  transverse  AMR 

Samples  richer  in  the  magnetic  phase  exhibited  aniso¬ 
tropic  MR  in  both  the  as-deposited  state  as  well  as  after 
annealing.  However,  these  samples  did  not  show  any  appre¬ 
ciable  improvement  in  MR  after  annealing.  Figure  5  shows 
the  MR  plot  in  the  as-deposited  state,  as  well  as  after  anneal¬ 
ing,  for  a  sample  with  *>46  at.  %  Ag.  The  MR  curves  in  the 
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atomic  %  Ag 

FIG.  3.  Lattice  spacing  (A)  versus  composition  for  samples  showing  GMR 
both  in  the  as-deposited  state  and  after  the  first  anneal. 

as-deposited  state  and  after  the  first  anneal  are  weakly  hys- 
teretic  over  an  applied  field  range  of  ±25  Oe,  but  become 
strongly  hysteretic  (over  ±175  Oe)  after  the  third  anneal  (at 
400  °C  for  5  h).  These  hysteretic  curves  closely  correlate 
with  the  coercivity  of  the  samples,  as  observed  from  the 
VSM  loops  (not  reproduced  in  this  paper).  The  increase  in 
coercivity  on  the  third  anneal  may  be  associated  with  the 
growth  of  the  single  domain  NiFeCo  particles. 

The  variation  of  lattice  spacing  with  at.  %  Ag  in  the 
Ag-poor  samples  appears  in  Fig.  6.  There  is  a  marked  varia¬ 
tion  in  the  lattice  spacing  of  Ag  in  the  as-deposited  state,  as 
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FIG.  2.  Giant  magnetoresistance  (%)  versus  applied  magnetic  field  (Oe)  for 
films  with  76  at.  %  Ag. 
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FIG.  4.  Typical  x-ray  diffraction  scans  of  samples  showing  GMR. 
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Field  (Oe) 

FIG.  5.  Anisotropic  magnetoresistance  (%)  versus  applied  magnetic  field 
(Oe)  for  films  with  46  at.  %  Ag. 

well  as  after  the  first  annealing.  But  after  the  second  anneal¬ 
ing  the  lattice  spacing  does  not  vary  much  with  the  compo¬ 
sition  of  Ag  and  is  near  (but  again  slightly  less  than)  the  bulk 
Ag  (111)  lattice  spacing  of  2.355  A.  Figure  7  illustrates  the 
effect  of  annealing  on  the  evolution  of  Ag  (111)  and  NiFeCo 
alloy  (111)  peaks  for  the  sample  with  46  at.  %  Ag.  The 


FIG.  6.  Lattice  spacing  (A)  versus  composition  for  samples  showing  AMR 


FIG.  7.  X-ray  diffraction  scans  of  samples  showing  the  evolution  of  Ag 
(111)  and  NiFeCo  alloy  (111)  peaks  on  annealing 


dashed  lines  represent  the  positions  of  pure,  bulk  Ag  (111), 
Ni  (111),  and  Ag  (222)  peaks.  Ag  (111)  and  NiFeCo  alloy 
(111)  peaks  are  seen  as  very  weak  peaks  in  the  as-deposited 
state,  and  after  the  first  anneal  (at  300  °C  for  j  hour),  but 
show  a  significant  increase  in  magnitude  and  sharpness  after 
the  third  anneal  (at  400  °C  for  j  h).  This  is  evidence  for  a 
sharp  increase  in  particle  size  during  the  third  annealing 
cycle.  The  lattice  parameter  of  Ag  (111)  shifts  toward  its  bulk 
value  on  annealing. 

ACKNOWLEDGMENTS 

Acknowledgment  is  made  to  the  National  Science  Foun¬ 
dation  (Grants  No.  DMR-9157402  and  DMR-9301648),  the 
National  Storage  Industry  Consortium-Advanced  Technol¬ 
ogy  Program  (funded  by  the  Department  of  Commerce)  and 
the  Center  for  Materials  for  Information  Technology  at  The 
University  of  Alabama  for  support  of  this  research. 

‘a.  E.  Berkowitz,  J.  R.  Mitchell,  M.  J.  Carey,  A.  P.  Young,  S.  Zhang,  F.  E, 
Spada,  F.  T  Spada,  A.  Hutlen,  and  G.  Thomas,  Phys.  Rev.  Lett.  68,  3749 
(1992). 

^J.  A.  Barnard,  A.  Waknis,  M.  Tan,  E.  Haftek,  M.  R.  Parker,  and  M.  L. 
Watson,  J.  Magn.  Magn.  Mat.  114,  230  (1992). 

^M.  L.  Watson, '  A.  Barnard,  S.  Hossain,  and  M.  R.  Parker,  J.  Appl.  Phys. 
73,  5506  (1993). 

‘J.  Q.  Xiao,  J.  S.  Jiang,  and  C.  L  Chien,  Phys.  Rev  Utt.  68,  3749  (1992). 
’C.  H.  Tolman,  J.  Appl.  Phys.  38,  3409  (1967). 

‘L.  W  Mckeehan,  Phys  Rev.  51,  136  (1937). 

^M.  Jimbo,  T.  Kanda,  S.  Goto,  S.  Tkunushima,  and  S.  Uchiyama,  Jpn.  J. 
Appl.  Phys.  31,  LI  348  (1992). 

*S.  S.  Parian,  R.  F.  C.  Farrow,  T.  A.  Rabedeau,  R.  F.  Marks,  G.  R.  Harp,  Q. 
Lam,  C.  Chappert,  M.  Toney,  R.  Savoy,  and  R.  Geiss,  Research  Report 
published  by  IBM,  1992. 


6932 


J.  Appl.  Phys.,  Vol.  75,  No.  10,  15  May  1994 


Waknis,  Barhard,  and  Parker 


Giant  magnetoresistance  in  heterogeneous  (CoFe)xAgi  f'lnis  (abstract) 
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The  soft  magnetic  properties  of  CoFe  prompted  an  investigation  of  magnetoresistance  in  Co-Fe-Ag 
alloys.  A  series  of  (FeCo),Agj_;t  (10<jc<30)  films  were  prepared  by  dc  magnetron  sputtering, 
followed  by  annealing  in  H2  at  a  variety  of  temperatures  7’,4'^400  °C.  The  samples  exhibit  giant 
magnetoresistance  (GMR)  ratios  which  exceed  25%  at  a  temperature  of  7"=  10  K,  and  17%  at 
T =300  K.  The  results  of  magnetization  and  x-ray  scattering  experiments  indicate  that  FeCo  alloy 
particles  precipitate  from  the  Ag  matrix  upon  annealing.  We  note  in  particular  that  the  full  width  at 
half  maximum  (FWHM)  of  the  MR  curves  (approximately  2  kOe)  is  significantly  less  than  that  of 
Fe-Ag  or  Co-Ag  sputtered  films  having  comparable  GMR  ratios.  We  compare  the  sharp  MR 
response  of  the  (FeCo)j(Agj_;j  system  to  that  of  heterogeneous  (NigoFe2o)xAgi_j  films. 
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The  effects  of  film  geometry  on  the  properties  of  FeTaN  films 
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The  Department  of  Metallurgical  and  Materials  Engineering,  The  University  of  Alabama,  Tuscaloosa, 
Alabama  35487-0202 

FeTaN  single  layer  and  FeTaN/Si02  multilayer  films  were  grown  by  high  rate  reactive  dc  magnetron 
sputtering.  The  film  geometry  (FeTaN  layer  thickness,  Si02  spacer  thickness,  and  number  of  bilayer 
units)  dependence  of  the  structure,  magnetic  properties  and  high-frequency  permeability 
characteristics  were  investigated. 


I.  INTRODUCTION 

High  performance  magnetic  heads  for  high  density  and 
high  data  transfer  rate  recording  require  new  thin  film  mate¬ 
rials  with  high  magnetizations,  low  coercivities,  high  perme¬ 
ability,  and  near  zero  magnetostriction.  Additionally,  high- 
frequency  response  of  permeability  is  also  needed  for  heads 
used  at  high  relative  speed.  In  this  context,  FeN-based  single 
layer  films  with  high  magnetization  have  received  consider¬ 
able  recent  attention.'*'*  Lamination  of  high  moment  metal 
films  can  lead  to  good  frequency  characteristics  of  perme¬ 
ability  if  dielectric  spacers  are  used  to  suppress  the  eddy 
current  loss.'*"’  We  have  previously  grown  high  moment  Fe¬ 
TaN  single  layer  films  with  soft  magnetic  properties  and 
good  thermal  stability  by  high  rate  dc  magnetron  sputtering.* 

II.  EXPERIMENTAL  METHODS 

The  FeTaN  films  were  made  by  dc  reactive  magnetron 
sputtering  at  a  fixed  power  of  300  W,  fixed  Ar  pressure  of  3 
mTorr,  and  fixed  N2  flow  rate  of  5  seem,  where  good  film 
characteristics  were  obtained.  These  conditions  produce 
growth  rates  of  ~900  A/min.  A  vacuum  melted  Fe-Ta  target 
with  nominal  composition  10  w/o  Ta  was  used.  The  Si02 
spacer  was  deposited  by  rf  magnetron  sputtering  from  an 
Si02  target.  Si(lll)  is  used  as  the  substrate  with  a  base  layer 
of  ~92  A  of  sputtered  Si02.  The  films  were  grown  in  an 
aligning  field  of  ~90  Oe.  Three  sets  of  films  were  prepared. 
In  set  A  the  properties  of  single  layer  FeTaN  films  as  a  func¬ 
tion  of  layer  thickness  (from  0.19  to  1.8  /lim)  are  studied.  In 
set  B  the  properties  of  bilayer  films  are  studied  as  a  function 
of  the  single  spacer  layer  thickness.  In  set  C  the  properties  of 
multilayer  films  are  studied  as  a  function  of  number  (from  1 
to  5)  of  0.9-/um-thick  FeTaN  layers  for  two  different  Si02 
spacer  thicknesses.  The  overall  average  for  these  films  is 
~1570  emu/cm*. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Set  A:  Single  layer  films 

Uniaxial  anisotropy  induced  by  the  external  field  was 
obtained  in  all  the  films.  Typical  B-H  curves  of  the  films 
with  ~4800  A  in  both  hard  and  easy  directions  are  shown  in 
Fig.  1.  Figures  2(a)  and  2(b)  show  the  dependence  of  the 
coercivity  and  initial  permeability  {pJ  at  10 


MHz)  on  film  thickness.  Films  with  thickness  greater  than 
~4800  A  have  good  soft  magnetic  properties  (//c<l  Oe  and 
/[i'>2000),  which  exhibit  little  thickness  dependence.  Initial 
permeability  increases  with  film  thickness  which  is  consis¬ 
tent  with  the  decrease  of  //^ .  of  0.6  Oe  and  p  (at  10 
MHz)  of  2300  are  obtained  for  the  l.S-jum-thick  films.  For 
films  with  thickness  of  2500  and  3300  A,  p,'  is  independent 
of  frequency  up  to  100  MHz  and  /50  (the  frequency  at  which 
initial  permeability  drops  to  50%  of  its  low-frequency  value) 
is  higher  than  250  MHz.  A  permeability  spectrum  for  a  single 
layer  1-^m  film  is  shown  in  Fig.  3.  p  begins  to  roll  off  at  60 
MHz  and  p'  decreases  faster  at  high-frequency  compared 
with  thinner  films  due  to  the  eddy  current  effect.  The  film 
thickness  dependence  of  magnetostriction  (K,)  is  shown  in 
Fig.  4(a).  Xj  systematically  declines  from  +9X10"*’  to 
+6X10"®  with  an  increase  in  film  thickness.  The  lattice 
spacing  derived  from  the  expanded  a-Fe  (110)  peak  de¬ 
creases  with  increasing  film  thickness,  as  shown  in  Fig.  4(1'!, 
which  could  be  due  to  decreased  incorporation  of  N2  during 
the  later  stages  of  film  growth."*  The  full  width  at  half¬ 
maximum  (FWHM)  of  the  (110)  peak  [Fig.  4(b)]  decreases 
with  film  thickness  indicating  a  stronger  (110)  film  texture. 
The  increasing  amount  of  {110}  oriented  grains  in  the  films 


'FIG.  i.  B-H  hysteresis  loop  of  48(X)-A-thick  single  layer  FeTaN  film. 
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FIG.  2.  Magnetic  properties  of  FeTaN  films  as  a  function  of  film  thickness; 
(a)  He  and  (b)  fi  and  /jo- 


FIG.  4.  Saturation  magnetostriction  (\j)  (a)  and  (/„(|  and  FWHM  (b)  vs  film 
thickness  for  single  layer  FeTaN  films 


may  account  for  the  decrease  of  with  increasing  thickness 
[\^  values  for  pure  a-Fe  films  with  (110)  plane  preferred 
orientation  are  negative]. 


Set  B:  Bilayer  films 


In  this  set  two  0.9-ytim  FeTaN  layers  are  separated  by  a 
sputtered  Si02  layer  of  variable  thickness.  The  SiOi  thick¬ 
ness  dependence  of  coercivity  is  shown  in  Fig.  5(a).  //j/, 
which  reflects  anisotropy  dispersion  decreases  up  to  a  spacer 
thickness  of  200  A,  and  then  begins  to  increase  at  a  spacer 
thickness  of  400  A.  The  increases  of  coercivity  with  an  in¬ 
crease  in  Si02  spacer  layer  thickness  may  be  caused  by 
weaker  magnetostatic  coupling  between  magnetic  layers. 
When  the  spacer  thickness  reached  400  A,  the  two  films 
switched  independently  giving  rise  to  two  values  of  //^  in  a 
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FIG.  3.  Frequency  dependence  of  permeabihly  for  l-/zm  FeTaN  films. 


hysteresis  loop  shown  in  the  inset  of  Fig.  5(a).  The  Si02 
thickness  dependence  of  initial  permeability  fi'  (at  10  MHz) 
and  frequency  at  50%  of  initial  permeability  (/50)  appear  in 
Fig.  5(b).  Initial  permeability  shows  a  declining  trend  with 
increasing  spacer  thickness,  which  agrees  with  the  increase 
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SiOg  Thickness  (A) 

FIG.  5.  Magnetic  properties  of  2Xl-/zm  double  layered  FeTaN  films  as  a 
function  of  Si02  spacer  thickness,  (a)  and  (b)  /it  and  Insert  of  (a) 
shows  a  two-valued  B-H  loop. 
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FIG.  6.  Magnetic  properties  of  multilayer  FeTaN  films  as  a  function  of 
number  of  layers  for  SiOj  spacer  thickness  of  400  and  1000  A;  (a)  ^  and  /jo 
and  (b)  He. 

of  He:  '■1 /so  appcars  to  increase  with  increasing 
Si02  thickness  due  to  more  complete  separation  of  the  films 
resulting  in  increasing  resistivity.  Magnetostriction  is  essen¬ 
tially  independent  of  spacer  layer  thickness  in  the  bilayer 
films  (\j  is  ~ +6.25X10“*). 
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FIG.  7.  Permeability  as  a  function  of  frequency  for  4Xl-nm  four-layered 
Aims  with  Si02  spacer  thickness  of  400  and  1000  A. 

ers,  which  could  be  caused  by  a  poorly  grown  insulator, 
weaker  coupling  between  the  magnetic  layeis  and  film  stress. 
Permeability  spectra  of  two  4Xl-/im  four-layered  films 
(Si02  spacer  thicknesses =40,  100  nm)  are  shown  in  Fig.  7. 
The  high-frequency  response  of  the  multilayer  is  improved 
by  increasing  Si02  spacer  thickness,  fi'  is  maintained  till  60 
MHz  for  the  films  with  spacer  thickness  of  1000  A  whereas 
fi'  started  to  roll  off  at  35  MHz  for  the  films  with  400-A 
spacer.  Interestingly,  the  magnetostriction  exhibits  a  signifi¬ 
cant  and  systematic  decrease  with  increasing  number  of  lay¬ 
ers,  dropping  from  ~ +7.7X10“*  to  +3.8X10“*. 
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C.  Set  C;  Multilayer  films 

In  set  C  the  dependence  of  magnetic  properties  on  num¬ 
ber  of  layers,  n,  in  a  multilayer  is  studied  for  FeTaN  layer 
thicknesses  of  0.9  /nm  and  two  different  Si02  spacer  layer 
thicknesses,  40  and  100  nm.  Hard  axis  coercivity  increases 
with  number  of  layers  for  both  spacer  layer  thicknesses  from 
~0.2  to  1.25  Oe,  which  may  again  be  caused  by  the  reduced 
magnetostatic  coupling  between  the  magnetic  layers  for 
thicker  spacers  [Fig.  6(b)].  The  initial  permeability  and  /50 
for  set  C  is  plotted  in  Fig.  6(a).  The  decrease  of  the  initial 
permeability  with  the  increase  of  the  number  of  layers  cor¬ 
responds  to  the  increase  of  the  coercivity.  Unexpectedly,  /50 
shows  a  systematic  decrease  with  increasing  number  of  lay- 
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Relationship  between  ac  and  dc  magnetic  properties  of  a  Co-based 
amorphous  alloy 

S.  H.  Urn 

Magnetic  Materials  Laboratory,  Korea  Institute  of  Science  and  Technology,  136-791  Seoul,  Korea 
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How  the  ac  effective  permeability  correlates  with  dc  magnetic  properties  over  a  wide  frequency 
range  of  1  to  1000  kHz  was  studied,  in  an  effort  to  understand  the  magnetization  behavior  of  the 
Co-based  amorphous  alloy  of  Metglas  2714A  subject  to  an  ac  magnetic  field.  In  the  low-frequency 
range  up  to  50  kHz,  the  correlations  between  and  the  dc  initial  permeability,  and  between  and 
the  coercivity  are  found  to  be  good,  the  correlation  coefficient  being  positive  and  negative, 
respectively.  No  definite  correlation  is  observed  with  the  dc  maximum  permeability.  At  high 
frequencies  ranging  from  about  200  to  1000  kHz,  the  correlations  between  and  the  dc  maximum 
permeability,  and  between  and  the  coercivity  are  observed  to  be  good,  the  correlation  coefficient 
being  negative  and  positive,  respectively.  The  correlation  of  with  the  dc  initial  permeability  is 
poor  in  this  high-frequency  range.  The  correlation  with  the  remanence  ratio  is  found  to  be  rather 
different  from  the  other  three;  the  ac  permeability  exhibits  a  maximum  at  the  value  of  remanence 
ratio  of  0.5-0.6  at  frequencies  up  to  200  kHz  but,  at  frequencies  higher  than  500  kHz,  it  decreases 
linearly  with  the  remanence  ratio.  From  the  correlation  results  it  is  considered  that  the  dominant 
magnetization  mechanism  is  the  domain  wall  motion  at  frequencies  up  to  50  kHz  and  it  is  spin 
rotation  at  frequencies  higher  than  500  kHz. 


Zero-magnetostrictive  Co-based  amorphous  alloys  ex¬ 
hibit  excellent  soft  magnetic  properties,  and,  hence,  are  of 
great  commercial  importance.  ‘  These  alloys  are  mainly  used 
in  high-frequency  electromagnetic  devices.  Therefore,  it  is 
necessary  to  clearly  understand  magnetization  behavior  at 
high  frequencies,  in  order  to  use  soft  magnetic  alloys  more 
efficiently,  and  improve  their  magnetic  properties.  However, 
this  does  not  appear  to  be  easy,  since  magnetization  behavior 
under  an  ac  field  is  much  more  complex  than  under  a  dc 
field.  Whilst  dc  magnetization  behavior  is  mainly  affected  by 
domain  wall  motion,  ac  magnetization  behavior  is  affected 
by  numerous  factors  including  eddy  currents  (both  classical 
and  anomalous)  and  spin  rotation  as  well  as  domain  wall 
motion.^ 

In  an  effort  to  understand  magnetization  behavior  at  high 
frequencies,  we  investigate  how  an  ac  magnetic  property  cor¬ 
relates  with  dc  magnetic  properties.  The  ac  magnetic  prop¬ 
erty  considered  in  this  study  was  the  effective  permeability 
(/ig).  Four  dc  magnetic  properties  were  considered;  the  ini¬ 
tial  permeability  (/i,),  the  maximum  permeability  the 
coercivity  {H^),  and  the  remanence  ratio  where  B, 

is  the  remanent  flux  density  and  Big  the  flux  density  at  a 
field  of  10  Oe).  The  alloy  used  in  this  investigation  was  the 
Co-based  alloy  of  Metglas  2714  A  which  was  supplied  by 
Allied  Signal  Corp.,  U.  S. 

Two  ribbons  of  different  widths  (4.5  and  6.0  mm),  which 
were  slit  from  wider  ones,  were  used  in  the  investigation. 
The  ribbon  thickness  was  17  /rm.  The  ribbons  were  wound 
onto  a  torodial  core  with  inner  diameter  of  19  mm. 

In  order  to  examine  the  relationships  between  the  mag¬ 
netic  properties  more  clearly,  varying  values  of  the  magnetic 
properties  were  intentionally  obtained  by  annealing  over  a 


wide  temperature  range  and  carrying  out  different  cooling 
methods  immediately  after  annealing;  the  annealing  tempera¬ 
tures  selected  were  300,  350,  400,  and  500  ®C,  and  the  cool¬ 
ing  methods  included  water  quenching,  air  cooling,  and  fur¬ 
nace  cooling.  The  annealing  time  was  60  min;  however,  at 
the  temperatures  of  350  and  400  ®C,  four  different  annealing 
times  of  15,  30,  60,  and  120  min  were  also  used. 

The  ac  effective  permeability  of  annealed  samples  was 
measured  by  using  an  impedance  analyzer.  The  dc  magnetic 
properties  were  measured  with  a  hysteresis  loop  tracer.  The 
ac  permeability  was  measured  at  an  applied  field  of  5  mOe 
and  over  a  wide  frequency  range  of  1  to  1000  kHz.  Each 
datum  point  presented  in  this  work  was  obtained  by  averag¬ 
ing  about  ten  separate  results. 

In  Figs.  1(a)- 1(c)  are  shown  the  results  for  the  relation¬ 
ship  between  and  jx, .  Although  the  results  were  obtained 
at  many  frequencies  ranging  from  1  to  1000  kHz,  only  the 
results  obtained  at  frequencies  of  1,  100,  and  1000  kHz  are 
displayed  in  Figs.  1(a)- 1(c),  respectively.  (Also  in  the  fig¬ 
ures  to  be  shown  later,  only  the  results  from  these  three  fre¬ 
quencies  will  be  presented  due  to  space  limitation.)  The 
present  results  show  that  ix^  is  correlated  well  with  fx,  at  low 
frequencies  below  50  kHz.  The  correlation  coefficient  be¬ 
tween  the  two  properties  is  positive,  viz.,  increases  with 
increasing  p, .  Although  results  are  not  shown  in  the  figures, 
the  degree  of  correlation  decreases  progressively  as  the  fre¬ 
quency  if)  increases  in  this  range.  However,  at  frequencies 
above  100  kHz,  no  obvious  correlation  is  observed.  The 
present  results  for  the  correlation  between  p^  and  p,  (good 
correlation  at  low  frequencies  and  poor  one  at  high  frequen¬ 
cies)  can  be  well  understood;  at  low  frequencies,  dynamic 
magnetization  behavior  is  expected  to  be  similar  to  static 
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FIG.  1.  The  dependence  of  /x,  on  (li :  (a)  1  kHz,  (b)  100  kHz,  and  (c)  1000 
kHz.  The  line  guides  the  eyes  only. 

magnetization  behavior,  but  is  expected  to  deviate  as  /  in¬ 
creases. 

The  dependences  of  on  are  shown  in  Figs.  2(a)- 
2(c).  At  frequencies  up  to  100  kHz,  it  is  observed  that  the 
correlation  between  and  fi„  is  rather  poor  compared  to 
the  correlation  between  fi,  and  /i,  .  This  poor  correlation 
between  /i,  and  ix„  even  in  the  low-frequency  range  is  be¬ 
lieved  to  result  from  the  fact  that  large  magnetization  includ¬ 
ing  Barkhausen  jumps  is  usually  involved  with  the  measure¬ 
ment  of  yu.„;  however,  magnetization  is  small  in  the 
measurement  of  both  and  fi, .  It  is  noted  that  values  of  /z, 
were  measured  at  the  (dc)  magnetic  field  ranging  from  1  to 
2.6  mOe,  whilst  at  the  (dc)  magnetic  field  ranging  from  5 
to  15  mOe.  It  is  recalled  that  was  measured  at  the  (ac) 
field  of  5  mOe.  At  high  frequencies  above  200  kHz,  is 


FIG.  2.  The  dependence  of  /t,  on  /x„  :  (a)  1  kHz,  (b)  100  kHz,  and  (c)  1000 
kHz.  The  line  guides  the  eyes  only. 


FIG.  3.  The  dependence  of  fi,  on  He  '■  (a)  1  kHz,  (b)  100  kHz,  and  (c)  1000 
kHz.  The  lines  guide  the  eyes  only. 


rather  well  correlated  with  /u.„  and  the  correlation  coefficient 
between  the  two  properties  is  negative. 

The  correlation  results  between  fi^  and  are  shown  in 
Figs.  3(a)-3(c).  In  the  low-frequency  range,  the  well-known 
reciprocal  relationship  between  and  is  observed  to 
exist.  However,  at  intermediate  frequencies  of  100  and  200 
kHz,  there  appears  no  definite  correlation  between  the  two 
properties.  At  high  frequencies  between  500  and  1000  kHz, 
there  is  a  surprising  good  correlation  between  and  He 
with  positive  correlation  coefficient;  this  is  the  opposite  of 
the  low-frequency  correlation  behavior. 

The  plots  of  /Ze  vs  are  shown  in  Figs.  4(a)-4(c). 
At  frequencies  up  to  200  kHz,  fi^  increases  with 
reaches  a  maximum  value  at  fl,./Bio=0.5-0.6,  and  then  de¬ 
creases  with  a  further  increase  oi  BJB^q.  The  remanence 


FIG.  4.  The  dependence  of  on  B,IBig  -  (a)  1  kHz,  (b)  100  kHz,  and  (c) 
1000  kHz.  The  lines  guide  the  eyes  only. 
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ratio  is  known  to  be  a  measure  of  the  distribution  of  the 
magnetization  direction  of  domains;  thus  it  is  mainly  deter¬ 
mined  by  the  magnitudes  and  directions  of  the  anisotropies 
present  in  a  given  material.  For  a  Co-based  alloy  where  mag¬ 
netization  is  governed  by  domain  wall  motion  of  180°-type 
domains,  the  remanence  ratio  is  estimated  to  be  0.5  if  do¬ 
main  orientation  is  completely  random.^  If  more  domains  are 
in  the  length  (transverse)  direction,  the  remanence  ratio  is 
greater  (less)  than  0.5.  The  present  results  for  the  variation  of 
fig  with  Bg/BiQ  in  the  low-frequency  range  may  indicate  that 
high  values  of  fig  are  achieved  when  domain  orientation  is 
random,  or  more  domains  are  slightly  in  the  length  direction. 
A  similar  result  was  previously  reported  by  Luborsky  et  al. 
for  Fe4oNi4oPi4B6  amorphous  alloy  ribbons.'* 

The  value  of  fig  for  a  sample  with  a  small  remanence 
ratio  decreases  more  slowly  with  increasing  /  than  that  for  a 
sample  with  a  high  remanence  ratio  does,  as  can  be  under¬ 
stood  from  Figs.  4(a)-4(c).  As  a  result,  at  very  high  frequen¬ 
cies  between  500  and  1000  kHz,  the  correlation  behavior 
changes;  a  clear  correlation  between  the  two  properties 
emerges,  the  correlation  coefficient  being  negative. 

A  feature  to  be  noted  from  the  present  results  is  that 
correlation  behavior  begins  to  change  rather  sharply  at  fre¬ 
quencies  of  50-100  kHz  for  the  dc  properties  fi,  and  Hg 
which  are  mainly  determined  by  domain  wall  motion.  This 
may  indicate  that  the  dominant  magnetization  mechanism 
below  50-100  kHz  is  the  motion  of  domain  walls.  The  domi¬ 
nant  magnetization  mechanism  at  high  frequencies  may  be 
understood  from  the  correlation  results  between  fig  and 
BglB^Q.  At  frequencies  higher  than  500  kHz,  fig  increases 
with  decreasing  remanence  ratio,  indicating  that  the  ac  per¬ 
meability  is  high  when  more  domains  are  distributed  in  the 


transverse  direction.  It  is  noted  here  that,  since  the  magnetic 
field  is  applied  in  the  length  direction  during  the  measure¬ 
ment  of  all  the  magnetic  properties,  more  domains  are  in  the 
perpendicular  direction  with  respect  to  the  applied  field  when 
the  remanence  ratio  is  low.  Since  it  is  known  that  dynamic 
magnetization  by  spin  rotation  occurs  easily,  viz.,  ac  perme¬ 
ability  is  high,  when  directions  of  applied  field  and  domain 
are  perpendicular  to  each  other  rather  than  parallel,^  the 
present  correlation  results  between  fig  and  BglB^o  may  indi¬ 
cate  that  the  dominant  magnetization  mechanism  at  frequen¬ 
cies  higher  than  500  kHz  is  spin  rotation. 

In  summary,  we  have  investigated  how  the  ac  effective 
permeability  is  correlated,  over  a  wide  frequency  range  of  1 
to  1000  kHz,  with  the  dc  initial  permeability,  dc  maximum 
permeability,  coercivity,  and  remanence  ratio  for  the  Co¬ 
based  amorphous  alloy  of  Metglas  2714A.  From  the  conela- 
tion  results  it  is  considered  that  the  dominant  magnetization 
mechanism  is  the  domain  wall  motion  at  frequencies  up  to 
50  kHz  and  it  is  spin  rotation  at  frequencies  higher  than  500 
kHz. 
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Amorphous  samples  of  Vitrovac®  6025  metallic  alloys  were  nanocrystallized  by  thermal  annealing 
at  temperatures  in  the  range  576-716  K,  well  below  the  crystallization  temperature  (831  K,  as 
obtained  by  differential  scanning  calorimetry  at  20  K/min)  and  times  in  the  range  10-90  min.  Initial 
magnetic  permeability  exhibited  a  maximum  of  ~109  000  (from  —20  000  for  the  as-quenched  state) 
for  annealing  times  of  —15  min,  and  then  a  decrease  toward  a  plateau  value  (30  000-40  000)  for 
longer  times.  Domain  wall  relaxation  frequency  showed  the  opposite  behavior,  a  minimum  of  —9 
kHz  (from  40  kHz  for  the  as-quenched  value)  for  the  permeability  maximum,  and  then  a 
stabilization  at  —15  kHz.  Transmission  electron  microscopy  observations  confirmed  that  for 
annealing  times  up  to  60  min.,  crystallite  size  is  smaller  than  30  nm.  Permeability  and  relaxation 
frequency  results  are  interpreted  in  terms  of  the  dependence  of  wall  bulging  on  anisotropy  and 
free-wall  surface  area  between  pinning  sites. 


Systems  with  particles  in  the  nanometer  range,  which  are 
also  known  as  nanocrystals,  show  unusual  magnetic 
properties.'’^  Amorphous  alloys  provide  an  extremely  conve¬ 
nient  material  to  produce  nanocrystals  since  the  crystalliza¬ 
tion  process  from  these  phases  can  be  controlled  by  thermal 
treatments  to  obtain  crystals  in  a  variety  of  dimensions.^ 

In  this  paper,  we  present  an  investigation  of  the  initial 
magnetic  permeability  as  a  function  of  frequency  of  nano¬ 
crystallized  Co-based  amorphous  alloys.  The  dynamic  prop¬ 
erties  of  domain  walls'*’^  provide  additional  information 
about  the  effects  of  nanocrystals  on  the  magnetization  pro¬ 
cesses. 

Samples  of  Vitrovac*  6025  amorphous  ribbons  with  the 
nominal  composition  Co66Fe4Mo2Sii6Bi2,  obtained  by  melt 
spinning  were  crystallized  in  an  electric  furnace  (stability; 
±3  K)  at  temperatures  in  the  range  570-710  K,  for  times 
from  10  min  up  to  90  min.  Since  crystallization  rates  at  these 
temperatures  were  considerably  slow  (the  crystallization 
temperature  is  831  K  as  determined  by  differential  scanning 
calorimetry  at  a  20  K/min  rate),  a  good  control  of  the  extent 
of  crystallization  was  possible.  The  sample  was  mounted  in  a 
holder  inside  a  silica  glass  with  an  inert  (argon)  atmosphere. 
A  thermocouple  close  to  the  sample  was  used  to  monitor 
temperature.  To  avoid  the  effects  of  slow  heating  and  cool¬ 
ing,  the  holder  and  sample  were  inserted  into  the  silica  glass 
tube  in  a  preheated  furnace  at  the  beginning  of  the  experi¬ 
ment,  and  removed  from  the  furnace  at  the  end  of  the  anneal¬ 
ing  time  without  altering  the  furnace  setting.  Heating  and 
cooling  rates  in  excess  of  80  K/min  were  achieved. 

Magnetic  permeability  measurements  were  made  on 
samples  made  of  —  1-m  ribbon  wound  as  a  toroid.  To  apply  a 
magnetic  field,  a  copper  wire  was  wound  around  the  toroid 
as  a  coil.  Usually,  the  toroidal  shape  was  conserved  during 
several  consecutive  thermal  treatments  since  after  the  first 


annealing,  samples  became  brittle.  Frequency  measurements 
were  performed  at  room  temperature  on  a  system  that  in¬ 
cludes  a  HP  4192A  Impedance  Analyzer  controlled  by  a  HP 
85  microcomputer  with  all  the  peripherals.  Our  software  al¬ 
lows  the  measurement  of  94  frequencies  in  the  range  5 
Hz- 13  MHz. 

Tne  crystallization  temperature  was  determined  in  a 
2100  Thermal  Analyst  System  with  a  differential  scanning 
calorimetry  (DSC)  cell  at  a  heating  rate  of  20  K/min.  Trans¬ 
mission  electron  microscopy  (TEM)  observations  were  made 
in  a  JEOL  JEM-1200  microscope  under  200-kV  accelerating 
voltage.  Samples  were  thinned  by  electropolishing  in  a  solu¬ 
tion  of  nitric  acid  and  alcohol.®  Thinning  of  samples  an¬ 
nealed  for  long  times  became  difficult  because  of  their 
brittleness;  an  alternative  method  was  to  electropolish  them 
in  the  as-quenched  state,  and  perform  the  same  thermal  treat- 


FIG.  1.  Initial  permeability  as  a  function  of  time  for  three  annealing  tem¬ 
peratures. 
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FIG.  4.  TEM  image  and  EDP  for  annealing  40  min  at  693  K. 


FIG.  2.  Domain  wall  relaxation  frequency  as  a  function  of  time  for  three 
annealing  temperatures. 


ments  in  the  DSC  cell  as  in  the  toroidal  sample.  No  substan¬ 
tial  differences  were  observed  between  the  two  methods. 

The  resolution  of  initial  permeability  from  hysteresis 
phenomena  by  impedance  measurements  as  a  function  .of 
frequency  has  been  discussed  elsewhere."*’^  In  this  paper,  ini¬ 
tial  permeability,  jiQ,  and  domain  wall  relaxation  frequency, 
Wq  are  investigated.  The  former  corresponds  therefore  to  the 
reversible  magnetization  variations  at  low  fields  [at  a  field 
lower  than  the  pinning  or  propagation  field  (Ref.  5)],  and  the 
latter,  to  the  frequency  above  which  the  domain  walls  are 
unable  to  follow  the  cyclic,  driving  field.  Initial  permeability 
as  a  function  of  time  for  three  annealing  temperatures  is 
shown  in  Fig.  1,  and  for  the  same  times  and  temperatures, 
domain  wall  relaxation  frequency  appears  in  Fig.  2.  For  693 
K,  initial  permeability  goes  through  a  maximum  (~5  times 
the  as-quenched  value)  for  f~15  min  and  then  decreases 
toward  a  plateau  for  times  larger  than  30  min.  Similar  behav¬ 
ior  is  observed  for  7=716  K,  with  a  decrease  to  the  plateau 
occurring  for  longer  times  but  practically  the  with  the  same 
maximum  permeability  value.  The  results  for  the  576-K  an¬ 
nealing  exhibit  a  difference,  since  the  tendency  toward  a  con¬ 
stant  value  occurs  without  the  passage  through  a  maximum. 

The  relaxation  frequency  shows  the  opposite  behavior 
from  permeability;  for  716  and  693  K,  Wg  goes  through  a 
minimum;  from  ~40  kHz  for  the  as-quenched  state  to  ~9 


kHz  for  the  permeability  maximum,  and  then  stabilizing  at 
about  15  kHz  for  times  longer  than  30  min. 

The  microstructures  and  their  corresponding  electron 
diffraction  patterns  (EDP)  appear  in  Figs.  3,  4,  and  5  for  20, 
40,  and  60  min,  respectively,  at  693  K.  The  nucleation  of 
crystallites  takes  place  between  0  and  20  min;  electron  dif¬ 
fraction  pattern  changes  from  the  characteristic,  diffuse  ring 
in  the  amorphous  phase  to  diffraction  rings  formed  by  dis¬ 
crete  spots.  An  increase  in  crystallite  number  is  observed 
between  40  and  60  min,  with  a  small  growth  in  size  (note  the 
difference  in  magnification).  Electron  diffraction  pattern 
show  an  increase  in  intensity  of  rings.  In  these  annealings, 
however,  crystallite  size  remains  smaller  than  30  nm. 

The  initial  permeability  mechanism  is  the  result  of  a  re¬ 
versible  bulging  of  pinned  domain  walls,’  under  the  “pres¬ 
sure”  of  the  external  field.  An  increase  in  permeability  can 
therefore  be  expected  to  be  associated  with  an  increase  in  the 
free-bulging  area,  which  can  occur  essentially  by  twe  factors, 
a  coarsening  in  the  domain  structure  and  a  decrease  in  an¬ 
isotropy.  The  latter  results  in  a  “softer”  domain  wall,  easier 
to  deform  under  the  field.  A  coarsening  in  the  domain  struc¬ 
ture  can  be  produced  by  factors  such  as  stress  relief,  or  a 
decrease  in  the  pinning  site  concentration. 

The  domain  wall  relaxation  frequency  depends  on  an 
inverse  manner  on  the  above  factors.  A  “softer”  domain  wall 
relaxes  at  lower  frequencies  than  a  “stiff”  wall;  also,  an 
increase  in  pinning  sites  leads  to  a  smaller  bulging  area,  and 
in  a  similar  way  to  the  string  of  a  musical  instrument,  this 
results  in  a  higher  vibration  frequency. 


FIG.  3.  Transmission  electron  microscopy  image  and  electron  diffraction 

pattern  for  annealing  20  min  at  693  K.  FIG.  5.  TEM  image  and  EDP  for  r=60  min  and  r=693  K. 
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Similar  results,  i.e.,  the  tendency  of  the  product  to  a 
constant  value,  have  been  reported  in  amorphous  materials  as 
a  result  of  thermal  annealings  involving  stress  relief,^  in  situ 
diffusion  to  directional  order®  and  “macrocrystallization.”'® 
It  seems  therefore  a  general  phenomenon  associated  with  ini¬ 
tial  permeability.  In  the  present  case,  results  can  be  inter¬ 
preted  on  the  basis  of  a  decrease  in  anisotropy  and/or  a 
coarsening  of  the  domain  structure  leading  to  longer,  un¬ 
pinned  walls  of  the  amorphous  phase.  The  same  maximum 
permeability  value  for  the  two  high  annealing  temperatures 
suggests  that  pinning  of  the  walls  occurs  only  at  the  external 
surfaces  of  the  sample. 

It  has  been  shown  in  many  studies"  that  the  presence  of 
crystallites  in  ferromagnetic  amorphous  phase  leads  to  wall 
pinning.  In  the  case  of  magnetic  nanometer-range  crystal¬ 
lites,  however,  a  preferential  orientation  of  the  magnetic  axis 
of  these  crystallites  can  lead  to  a  cooperative  effect  with  the 
domain  structure  of  the  amorphous  matrix,  resulting'^  in  an 
in-plane  induced  anisotropy.  As  annealing  progresses,  the 
growth  in  crystallite  size  seems  to  destroy  the  cooperative 
effect,  leads  to  a  decrease  in  free-bulging  area  and  therefore 
to  a  decrease'®  in  permeability.  The  fact  that  annealings  at 
576  K  result  in  an  increase  in  permeability  with  no  maxi¬ 
mum  in  this  property  seems  to  be  due  to  a  coarsening  of  the 
domain  structure  (by  simple  elimination  of  stress),  but  in¬ 
volving  no  decrease  in  anisotropy. 


Finally,  it  has  been  shown  that  nanocrystallized  struc¬ 
tures  can  also  be  obtained  in  commercially  available  materi¬ 
als,  by  using  annealing  temperatures  well  below  the  conven¬ 
tionally  measured  crystallization  temperature. 
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Effects  of  cooling  rate  after  annealing  on  the  soft  magnetic  properties  were  investigated  for  an 
Fe88Zr7B4Cui  alloy  with  nanoscale  grain  structure,  which  was  prepared  by  melt  quenching.  As  the 
cooling  rate  increased,  the  effective  permeability  improved  and  the  remanence  ratio,  which  indicates 
the  orientation  of  magnetic  anisotropy  (degree  of  pair  ordering),  decreased.  The  increase  of 
permeability  and  decrease  of  remanence  ratio  were  considered  to  result  from  the  suppression  of  the 
induced  magnetic  anisotropy.  Furthermore,  the  variation  of  disaccommodation  behaviors  with 
cooling  rate  was  investigated  in  the  Fe88Zr7B4Cui  nanocrystalline  alloy.  It  was  found  that  the  value 
of  D  (intensity  of  disaccommodation)  was  a  little  higher  for  the  samples  obtained  from  the  high 
cooling  rate  than  that  for  the  low  cooling  rate.  This  result  can  be  explained  by  domain  structure 
stabilization  due  to  local  induced  magnetic  anisotropy. 


Nanocrystalline  magnets  are  promising  materials  for  fu¬ 
ture  soft  magnetic  applications.  Among  these  materials, 
Fe-Zr-B-Cu  based  nanocrystalline  alloys  were  reported  to 
exhibit  excellent  soft  magnetic  properties  with  a  high  satura¬ 
tion  magnetization  and  a  high  permeability.^  The  reason  for 
the  good  soft  magnetic  properties  is  rather  well  understood  to 
be  the  reduction  ■  the  effective  magnetocrystalline  aniso¬ 
tropy  by  forming  aiirafine  grains.  Although  the  formation  of 
nanocrystalline  grains,  v/hich  are  obtained  by  annealing  at 
temperatures  above  crystallization  temperature,  play  a  domi¬ 
nant  role  in  soft  magnetic  properties,  it  is  important  from  the 
application  point  of  view  to  know  how  the  cooling  rate  after 
annealing  influences  the  soft  magnetic  properties  of  these 
alloys.  Generally,  it  has  been  known  that  induced  magnetic 
anisotropy  can  be  effectively  suppressed  by  controlling  the 
quenching  rate  or  annealing  in  a  rotating  magnetic  field  in 
the  case  of  amorphous  alloys.'*  However,  not  much  work  has 
been  done  on  the  effects  of  the  cooling  rate  after  annealing  in 
nanocrystalline  alloys.  In  this  study  the  effect  of  the  cooling 
rate  was  investigated  for  the  Fe88Zr7B4Cui  nanocrystalline 
alloy. 

Ribbon  samples  o'  amorphous  Fe88Zr7B4Ci'.  alloy  were 
prepared  in  an  argon  atmosphere  by  the  single  roll  melt  spin¬ 
ning  technique.  The  ribbons  were,  typically,  1-2  ram  wide 
and  about  20  pm  thick.  Thev  were  confirmed  to  be  amor- 
piious  by  x-ray  diffractome  jr  using  Cu  Ka  radiation.  The 
as-quenched  ribbon.®  were  wound  onto  a  toroidal  core  with 
21-mm  inner  diameter,  and  subsequently  annealed  in  the 
temperature  range  of  500  to  650  °C  for  1  h  in  a  vacuum  of 
about  10”^  Torr.  The  cooling  rate  was  varied  by  carrying  out 
two  different  cooling  metht/Ua,  the  first  is  water  quench’  ig  of 
the  vacuum-sealed  specimen  (conventional  method);  and  the 
oscond  is  water  quenching  With  Ar  gas  introduction  after 
vacuum  annealing  (our  new  method).  It  is  considered  that  the 


latter  gives  a  much  higher  cooling  rate  than  the  former,  be¬ 
cause  Ar  atmosphere  is  more  thermally  conductive  than  the 
vacuum.  It  is  noted  that  direct  water  quenching  without  pro¬ 
tection  is  very  harmful  due  to  surface  oxidation.  The  effec¬ 
tive  permeability  (/t,)  was  measured  at  1  kHz  under  10  mOe 
with  an  impedance  analyzer.  The  magnetic  induction  at  10 
Oe  (B,y)  and  coercive  force  {He)  were  measured  with  a  dc 
hysteresis  loop  tr-.cer. 

Figure  1  shows  the  effective  permeability  {p^)  of 
Fe88Zr7B4Cui  alloy  as  a  function  of  annealing  temperature 
{T„).  The  ranges  of  maximum  and  minimum  values  (the  bars 
indicate  data  scattering  range)  are  shown  in  Fig.  1.  With 


FIG.  1.  The  effective  pennetbility  (/t,)  at  1  kHz  as  a  function  of  annealing 
temperature  for  Fe8sZr7B4Cui  alloy  annealed  for  1  h.  (The  lines  guide  the 
eyes  only.) 
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FIG.  2.  The  coercive  force  as  a  function  of  annealing  temperature  for 
Feg8Zr;B4CU|  alloy  annealed  for  1  h.  (The  data  points  were  obtained  by 
averaging  more  than  flve  results.) 


onset  of  crystallization  the  effective  permeability  of  the  al¬ 
loys  from  the  higher  cooling  rate  after  annealing  increases  to 
about  4X 10^.  It  is  notable  from  Fig.  1  that  this  value  is  much 
higher  than  that  of  the  alloys  from  the  lower  cooling  rate 
(conventional  method).  The  substantial  improvement  of 
can  be  explained  by  the  decrease  of  induced  magnetic  aniso¬ 
tropy  due  to  fast  cooling  rate.  In  the  case  of  the  higher  cool¬ 
ing  rate,  the  optimum  annealing  temperature  is  observed  to 
be  low  compared  to  the  lower  cooling  rate,  fi^  begins  to 
decrease  with  above  1^=590  °C.  This  may  be  caused  by 
geneihlion  of  internal  stress  due  to  very  fast  cooling  after 
annealing. 

Figure  2  shows  the  results  for  as  a  function  of  Tg  for 
the  two  different  cooling  rates.  The  coercive  force  decreases 
continuously  with  Tg  regardless  of  the  cooling  rate.  This  i 
dicates  that  the  reciprocal  relation  between  coercive  force 
and  permeability  does  not  hold  well  for  fast  cooling  where 
thermal  stress  is  reintroduced  at  high  Tg .  As  shown  in  Fig.  2, 
lower  coercive  force  is  obtained  at  all  annealing  temperatures 
for  the  higher  cooling  rate. 

Figure  3  shows  the  remanence  ratio  as  a  func¬ 

tion  of  annealing  temperature.  The  remanence  ratio  is  a  mea¬ 
sure  of  the  di.vtribution  of  domain  orientation  and  is  strongly 
correlated  with  induced  magnetic  anisotropy.^  In  ribbon-type 
amorphous  and  nanocrystalline  soft  magnets  most  of  sponta¬ 
neous  magnetization  is  aligned  to  the  direction  of  the  ribbon 
axis.  Therefore  the  self-induced  magnetic  anisotropy  is  con¬ 
sidered  to  form  along  this  direction.  As  shown  in  Fig.  3,  the 
values  of  the  remanence  ratio  in  the  hi"her  cooling  rate  are 
low,  indicating  that  the  small  induced  .  lagnetic  anisotropy  is 
formed  during  cooling.  From  this  result,  it  is  considered  that 
induced  magnetic  anisotropy  can  be  effectively  suppressed 
by  fast  cooling  after  annealing.  We  examined  the  relationship 
between  the  effective  permeability  and  the  remanence  ratio 
at  all  the  temperatures  investigated  in  this  work  and  the  re¬ 
sult  is  shown  >n  Fig.  4.  Some  kind  of  correlation  between 

6944  J.  Appl.  Phys.,  Vol.  75,  No.  10. 15  May  1994 


Anntallng  t«mp*ratur«,  Ta(*C) 

FIG.  3.  The  remanence  ratio  as  a  function  of  annealing  temperature  for 
Feg8Zr7B4CU|  alloy  annealed  for  1  h.  (The  data  points  were  obtained  by 
averaging  more  than  five  results.) 

these  two  quantities  seems  to  exist.  The  increase  of  the  re¬ 
manence  ratio  is  associated  with  the  decrease  of  fig .  In  the 
case  of  the  lower  cooling  rate,  the  values  of  remanence  ratio 
are  higher  in  most  cases.  This  indicates  induced  magnetic 
anisotropy  can  be  formed  easily  in  the  case  of  slow  cooling. 

From  the  above  results  it  is  found  that  a  higher  cooling 
rate  has  an  advantage  in  obtaining  higher  permeability  within 
the  limit  of  creating  no  interna!  stress.  The  present  result  is  in 
accord  with  that  of  Co-based  amorphous  alloys.®  As  shown 
in  Fig.  4,  the  remanence  ratio  which  gives  the  maximum 
effective  permeability  is  about  0.6.  This  value  agrees  well 
with  the  result  of  Yoshizawa  et  alJ  and  Lim  et  al.^ 

The  disaccomodation  is  of  significant  practical  impor¬ 
tance  and  is  known  to  be  affected  by  cooling  rate.  Therefore, 
we  also  investigated  the  time  dependence  of  permeability  in 
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FIG.  4.  The  relationship  between  effective  permeability  at  1  kHz  and  the 
remanence  ratio  for  Feg3Zr7B4Cui  alto  annealed  for  1  h. 
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FIG.  5.  The  dependence  of  the  permeability  at  1  kHz  on  the  time  for 
FeggZr7B4Cui  alloy  annealed  for  1  h. 


the  alloys  obtained  from  different  cooling  rates.  The  result  is 
given  in  Fig.  5.  For  the  lower  cooling  rate  little  change  in 
permeability  is  observed  while  for  the  higher  cooling  rate  the 
permeability  decreases  slightly  with  time.  Figure  6  shows  the 
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FIG.  6.  Change  in  the  intensity  of  disaccommodation  as  a  function  of  time 
for  FeggZr7B4CUi  alloy  annealed  for  1  h. 


intensity  of  disaccommodation  (£>)  as  a  function  of  mea¬ 
sured  time.  Here,  D  is  defined  by 


/t.e(10)-/Ze(^l) 

/ie(lO) 


X100(%), 


where  and  /i^  (fj)  are  the  values  of  effective  perme¬ 

ability  measured  at  r=10  and  /=rj  s  after  demagnetization, 
respectively.  In  the  case  of  r=10  and  r=9000  s,  the  values  of 
D  are  1.9%  and  0.8%  for  the  alloys  with  higher  and  lower 
cooling  rates,  respectively.  From  this  result,  it  can  be  seen 
that  the  higher  which  is  obtained  using  a  high  cooling  rate 
is  related  to  the  larger  disaccommodation.  This  can  be  ex¬ 
plained  by  the  fast  recovery  rate  of  the  frozen  atoms,  because 
fi-ee  energy  in  the  fast  quenched  state  is  high.  In  the  case  of 
slow  cooling  after  annealing  domain  wall  stabilization  due  to 
induced  local  magnetic  anisotropy  occurs  during  cooling, 
and  lower  permeability  and  lower  disaccommodation  are  ob¬ 
tained. 

We  have  investigated  the  effect  of  the  cooling  rate  after 
annealing  on  the  soft  magnetic  properties  of  an  FeggZr7B4Cuj 
alloy  with  nanoscale  grain  structure,  which  was  prepared  by 
melt  quenching.  Enhanced  effective  permeabilities  are  ob¬ 
tained  for  the  alloys  prepared  by  high  cooling  rates.  The 
remanence  ratio  decreases  with  the  cooling  rate.  The  increase 
of  permeability  and  decrease  of  remanence  ratio  are  consid¬ 
ered  to  result  from  the  suppression  of  the  induced  magnetic 
anisotropy. 

We  have  also  investigated  relationship  between  disac¬ 
commodation  and  cooling  rate,  in  the  higher  cooling  rate,  the 
value  of  £)  is  a  little  higher  than  that  in  the  lower  cooling 
rate.  The  low  value  of  D  in  the  slow  cooling  can  be  ex¬ 
plained  by  domain  structure  stabilization  due  to  local  in¬ 
duced  magnetic  anisotropy. 
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The  magnetic  properties  of  amorphous  FeSiB  (2605-S2)  and  CoFeMoSiB  (6025-Vac)  tapes  have 
been  measured  after  conventional  furnace  annealing  and  dynamic  current  annealing,  which  takes 
place  in  air  and  during  the  winding  process  of  tapes  using  Joule  heating.  The  measurements  showed 
a  significant  improvement  of  the  magnetic  properties  when  dynamic  annealing  temperatures  are  far 
below  the  crystallization  temperatures  but  above  the  Curie  temperature.  Magnetic  properties  and 
domain  patterns  are  presented  and  we  find  that  our  method  of  about  10  s  of  annealing  gives  a  similar 
magnetic  quality  to  that  obtained  by  classical  techniques. 


The  improvement  of  soft-magnetic  properties  of  metallic 
glasses  is  attained  after  heat  treatments  destined  to  induce 
relaxation  of  both  internal  stresses  to  zones  of 
quenched-in  density  fluctuation  and  exie  'csscs  due  to 
imposed  shapes,  such  as  those  imposed  by  a  carved  shape  of 
a  transformer  toroid  manufactured  with  magnetostrictive  ma¬ 
terials,  as  for  example,  FeSiB  tapes.  The  relaxation  of  these 
stresses  requires  diffusive  motion  especially  of  structural  de¬ 
fects,  whose  kinetics  also  control  structural  relaxation  in 
general.*"^ 

Relaxation  for  improvement  of  magnetic  properties  of 
amorphous  tapes  is  usually  induced  by  =“2  h  of  furnace  an¬ 
nealing  at  temperatures  lower  than  the  Curie  temperature  un¬ 
der  inert  gas.  Joule  heating  was  also  shown  to  have  a  strong 
effect  on  structure  and  magnetic  properties  of  metallic 
glasses  after  current-annealing  times  of  the  order  of  millisec¬ 
onds  (flash  annealing)  to  several  minutes.'*"*  It  had  also  been 
shown’  that  rapid  Joule  heating  for  about  20  s  just  below  the 
crystallization  temperature  of  FeSiB  glassy  tapes  resulted  in 
improvement  of  all  measured  magnetic  properties  which 
were  then  better  than  those  of  tapes  classically  relaxed  by 
furnace  annealing. 

We  have  conceived  and  used  a  new  dynamic  relaxation 
process,  hereafter  refened  to  as  dynamic  current  annealing 
(DCA),  which  can  use  continuous  Joule  heating  during  the 
winding  process  of  tapes  as  they  slide  on  a  cylindrical  sur¬ 
face  of  a  chosen  curvature  at  which  the  tape  will  be  used. 
The  setup,  which  also  quenches  the  tapes  down  to  room  teni- 
perature  before  they  leave  the  cylinder,  allows  dynamic  cur¬ 
rent  annealing  times  of  amorphous  tapes  of  the  order  of  sec¬ 
onds,  at  temperatures  near  crystallization,  air.  The 

winding  speed  of  the  tapes  can  be  fixed.  Application  of  this 
technique  during  winding  of  transformer  toroids  with  FeSiB 
amorphous  tapes  was  found  to  give  very  good  magnetic 
properties.®  The  procedure,  which  also  raises  some  interest¬ 
ing  questions  concerning  stress  and  structural  relaxation  in 


amorphous  alloys,  is  described  in  more  detail  in  a  previous 
paper.** 

The  aim  of  this  work  was  to  assess  the  effect  on  mag¬ 
netic  properties  of  amorphous  tapes  of  different  thermal  re¬ 
laxation  techniques,  namely,  classical  furnace  annealing  ver¬ 
sus  dynamic  current  annealing  using  Joule  heating. 

The  amorphous  Fe78Si9Bij  and  Co66Fe4Mo2Sii6Bj2 
samples  used  in  this  study  were  purchased  batches  from  Al¬ 
lied  Signal  and  Vacuumschmelze,  respectively,  in  lengths  of 
several  hundred  meters,  Table  1  gives  some  characteristics  of 
the  samples  used.  FeSiB  was  chosen  for  its  highly  positive 
magnetostriction  and  the  CoFeMoSiB  for  its  almost  zero 
magnetostriction. 

We  have  carried  out  on  these  tapes  three  different  ther¬ 
mal  relaxation  treatments: 

(1)  A  furnace  annealing  (FA)  under  inert  gas  to  380  °C  dur¬ 
ing  2  h  for  the  FeSiB  tape,  and  430  and  240  °C  for  1-h 
periods  for  the  CoFeMoSiB  tape. 

(2)  A  furnace  field  annealing  (FFA)  on  FeSiB  sample,  simi¬ 
lar  to  the  previous  one  but  with  an  applied  magnetic  field 
(800  A/m)  directed  along  the  tape  axis. 

(3)  Our  dynamic  current  annealing  process,^  which  had  been 
used  to  relax  FeSiB  and  CoFeMoSiB  amorphous  tapes  at 
temperatures  above  T,.  for  times  of  the  order  of  2  s. 

The  temperature  profiles  and  maximum  temperatures  were 
determined  from  thermocouples  and  pyrometric  readings.  A 
radius  of  curvature  r=4  cm  was  chosen  with  tape  rolling 


FeSiB 

CoFeMoSiB 

Curie  temperature, 

415  "C 

250  °C 

Crystallization  temperature,  T„ 

550  °C 

500  “C 

Width 

25  mm 

10  mm 

Thickness 

19  yum 

28  yum 

TABLE  I.  Sample  characteristics  (approximate  values). 
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FIG.  1.  Evolution  of  magnetic  power  losses  P,  coercive  field  He ,  relative 
permeability  /i,  and  maximum  field  at  B=0.5  T  and  /=5  Hz,  of  the 
FeSiB  alloy  vs  maximum  dynamic  current  annealing  temperature  (°C) 
and  dynamic  annealing  current  1(A). 


speed  of  y  =  1  cm/s.  To  assure  good  contact  between  the  tape 
and  the  cunent  leads,  the  moving  tape  was  maintained  under 
a  measured  tensile  stress  of  «=<50  MPa.  The  strength  of  elec¬ 
tric  currents  used  in  our  dynamic  treatment  of  FeSiB  and 
CoFe-based  tapes  were  between  9  and  18  A. 

Three  techniques  for  magnetic  characterization  were 
used  to  assess  the  effect  on  magnetic  properties  of  amor¬ 
phous  tapes  annealed  with  the  various  treatments  given  pre¬ 
viously.  (1)  Magnetic  measurements  under  sinusoidal  flux  on 
transformer  toroid.  Magnetic  properties  data  were  obtained 
by  numerical  integration  of  digitized  hysteresis  loops.  Mag¬ 
netic  power  losses  P  (W/kg),  relative  permeability  /n,  coer¬ 
cive  field  He  (A/m),  and  maximum  field  H„  (A/m)  at  peak 
induction  value  B  (T),  were  measured  as  a  function  of  fre¬ 
quency  /  and  of  temperature  of  dynamic  current  annealing 
Tqca  (or  Trd)-  (2)  Observation  of  domain  structures  using 
the  magneto-optic  Kerr  effect.  (3)  Determination  of  the  satu¬ 
ration  magnetostriction  using  a  linear  capacitive  high 
precision  dilatometer.'®’*'  At  each  stage  the  samples  were 
usually  checked  for  appearance  of  crystallinity  by  x-ray  dif¬ 
fraction  and  differential  scanning  calorimetry  (DSC). 

Figure  1  shows  the  evolution  of  the  magnetic  propert.’es 
(P,  He ,  fi,  and  H„),  of  the  FeSiB  alloy  annealed  by  our 
dynamic  process  as  a  function  of  the  current  strength  I (A } 
and  maximum  temperature  (±10  "C)  reached  during  dy¬ 
namic  current  annealing,  at  peak  induction  value  5=0.5  T 
and  f=5  Hz.  The  most  remarkable  result  is  that  the  magnetic 
properties  improve  very  rapidly  in  the  T  range  410<r 
<450  °C,  close  to  the  Curie  temperature.  The  optimum  mag¬ 
netic  properties,  that  is  minimal  P  and  He  and  maximum  fj,, 
were  found  at  7',.j»450  °C  and  7=14.5  A,  respectively.  The 
x-ray  patterns  and  DSC  experiments®  show  that  the  degrada¬ 
tion  of  the  magnetic  properties  for  currents  I>17  A  can  in¬ 
deed  be  attributed  to  the  onset  of  crystallization  and  that  for 
7=16  A  no  significant  crystallization  is  occurring. 

Figure  2  compares  the  magnetic  power  losses  at  50  Hz, 
of  FeSiB  amorphous  tapes  annealed  in  different  conditions. 
Results  are  presented  for  the  as-quenched  (AQ)  sample  be¬ 
fore  and  after  FA,  FFA,  and  DCA  for  7=14.5  A.  For  all 


FIG.  2.  Magnetic  power  losses  P  vs  peak  induction  value  B  at  /=50  Hz  for 
FeSiB  tapes  annealed  by  different  techniques. 

induction  levels  we  observe  that  the  magnetic  losses  of  the 
DCA  sample  are  less  than  the  FA  sample.  They  are  also 
smaller  than  the  FFA  sample  if  the  peak  induction  is  smaller 
than  1 T.  Figure  3  shows  the  peak  induction  B  versus  applied 
field  77  for  the  same  samples  at  /=50  Hz.  For  all  applied 
field  levels,  the  magnetization-  curve  5(77)  of  the  DCA 
sample  is  better  than  the  FA  sample  one.  It  is  also  better  than 
the  FFA  sample  one  if  the  peak  induction  is  smaller  than 
about  0.7  T.  Figure  4  shows  the  magnetization  curve  5(77) 
for  the  CoFe-base  sample,  after  FA  and  DCA  for  7=9  A,  at 
/=5  Hz  and  50  kHz,  respectively.  The  absence  of  any  sig¬ 
nificant  difference  between  the  magnetization  curves  at  5  Hz 
and  50  kHz  for  the  DCA  sample  indicates  no  significant 
dependence  of  the  frequency  in  this  range. 

To  obtain  information  on  the  magnetic  moment  distribu¬ 
tions  of  our  samples,  we  have  performed  observations  of 
domain  structures  using  the  magneto-optic  Kerr  effect.  Fig¬ 
ure  5  shows  the  domain  patterns  of  FeSiB  samples  in  the 
middle  of  the  tapes.  In  Fig.  5(a)  we  observe  the  complex 
pattern  of  domains  in  the  AQ  sample.  In  Fig.  5(b)  we  observe 
that  the  FA  sample  exhibits  relatively  large  domains  whose 
orientation  is  ill  defined.  The  FFA  and  DCA  samples  present 
similar  magnetic  structures  with  domains  oriented  along  the 
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FIG.  3.  Magnetization  curves;  peak  induction  value  B  vs  applied  field  H  at 
7=50  Hz  for  FeSiB  tapes  annealed  by  different  techniques. 
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FIG.  4.  Peak  induction  value  B  vs  applied  field  //  at  5  Hz  and  50  kHz  for 
CoFeMoSiB  tapes  annealed  in  different  conditions. 


ribbon  axis  [Figs.  5(c)  and  5(d)].  Figure  6  shows  the  domains 
of  the  CoFe-base  amorphous  tapes  for  the  AQ  sample  and 
the  DCA  sample  to  1=9  A.  It  was  found  that  the  DCA 
sample  presents  a  narrow  domain  structure  perpendicular  to 
the  ribbon  axis. 

We  have  measured  and  examined  the  evolution  of  the 
saturation  magnetostriction  of  Fe-  and  CoFe-base  amor¬ 
phous  tapes  after  FA  and  DCA.  It  was  found  that  although 
very  different  in  all  respects,  the  two  types  of  annealing  can 
produce  the  same  results,  including  the  same  optimum  values 
of  magnetostriction,  indicating  equivalent  structural  relax¬ 
ation  and  chemical  short  range  order  states.'® 

The  effects  responsible  for  the  improvement  of  the  mag¬ 
netic  properties  and  in  particular  the  magnetic  anisotropy 
induced  by  our  DCA,  are  probably  due  to  plastic  deforma¬ 
tion  and  to  the  thin  surface  oxide  layer  that  forms  during  the 
DCA  in  air  and  that  puts  the  plane  of  the  tapes  under  tension. 
These  beneficial  effects  and  the  effect  of  !<.  on  the  relaxation 
kinetics  of  amorphous  tapes  can  only  be  speculative  at  this 
point  and  further  experiments  are  needed  and  planned. 


MFFAribbon  (d)D  C  A  nbbon 

FIG.  5.  Domain  structure  observed  by  Kerr  effect  for  the  FeSiB  samples. 
We  observe  the  magnetic  anisotropy  induced  by  our  DCA  at  14.5  A. 


->  ribbon  axis 
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FIG.  6.  Domain  structure  observed  by  Kerr  effect  for  the  CoFeMoSiB 
sample.  We  observe  the  magnetic  anisotropy  induced  by  our  DCA  at  9  A. 

The  dynamic  current  annealing  process  yields  excellent 
magnetic  properties  of  ferromagnetic  amorphous  tapes  com¬ 
pared  with  those  obtained  by  classical  furnace  annealing  and 
close  to  those  of  furnace  field  annealed  tapes.  The  best  mag¬ 
netic  properties  of  commercial  FeSiB  and  CoFeMoSiB  tapes 
were  attained  after  only  about  10  s  of  annealing  in  air  far 
below  the  crystallization  temperatures  but  above  the  .  For 
industrial  purposes  it  is  possible  to  render  this  process 
continuous. 
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Magnetic  properties  are  presented  of  amorphous  wires  covered  by  glass,  with  the  compositions 
Fe55Bi5Sii5C5,  FegoBisSiisCrjo,  and  Fe4oNi4oPi4B6,  which  were  prepared  by  melting  the  alloy  in 
glass  tubes  and  drawing  fibers  from  the  softened  glass.  The  magnetization,  the  remanence,  and  the 
coercive  force  of  the  samples  covered  by  glass,  and  of  those  obtained  after  removing  the  glass  cover, 
were  measured  at  a  field  of  2054  A/m.  These  amorphous  wires  have  a  square-shaped  hysteresis  loop, 
a  value  of  the  coercive  force  ranging  between  255  and  462  A/m  and  an  axial  magnetization  of 
0.21-0.32  T  for  different  compositions.  The  glass  removal  leads  to  an  increase  in  magnetization  and 
a  decrease  in  the  coercive  force.  The  influence  of  a  passing  dc  current  through  the  wire  during 
measurements  has  also  been  studied,  influence  that  is  much  pronounced  in  the  case  of  the  wires 
obtained  after  removing  the  glass  cover.  The  observed  different  magnetic  properties  of  the 
amorphous  magnetostrictive  wires  are  attributed  to  the  difference  in  internal  stress  distribution 
produced  during  preparation  of  the  samples. 


I.  INTRODUCTION 

Amorphous  ferromagnetic  wires  present  a  special  inter¬ 
est  due  to  their  magnetic  properties  that  make  them  useful  in 
sensor  devices.  Usually  they  are  studied  as  as-quenched 
amorphous  wires  of  about  125  fim  in  diameter,'  obtained  by 
the  “in-rotating-water  spinning  method’’  and  cold  drawn  in 
several  steps  down  to  50  /rm  or  lower  from  the  125  /xm  one.^ 
The  aim  of  this  article  is  the  study  of  the  behavior  of  the 
amorphous  wires  in  glass  cover,  having  the  compositions 
FeBSiC,  FeBSiCr,  and  FeNiPB,  with  diameters  ranging  from 
10  to  26  fim.  Based  on  our  knowledge  this  is  the  first  work 
on  the  magnetic  properties  of  the  amorphous  wires  covered 
by  glass. 

These  wires  were  obtained  by  an  improved  variant  of  the 
Taylor  method,  which  consists  of  sealing  one  end  of  the  glass 
tube  in  which  the  master  alloy  was  introduced,  heating  the 
end  of  the  tube  to  a  temperature  at  which  the  glass  is  soft  and 
the  alloy  molten,  and  drawing  a  fiber  from  the  heated  end.  In 
this  way  metallic  amorphous  wires  were  obtained  in  glass 
cover  with  diameters  ranging  between  5  and  30  /nm.  The 
amorphous  state  was  checked  by  x-ray  diffraction,  differen  • 
tial  thermal  analysis  and  thermomagnetic  measurements. 


II.  EXPERIMENTAL  PROCEDURE 

The  magnetization  value  of  the  above-mentioned  alloys 
was  measured  by  the  finxmetef"  method^  at  500  Hz  in  an 
alternating  sinusoidal  field  having  a  maximum  value  of  2054 
A/m,  on  samples  10  cm  in  length.  The  remanence  and  the 
coercive  force  were  determined  from  the  hysteresis  loops 
plotted  on  an  X-Y  digital  oscilloscope.  We  measured  the 
saturation  magnetization  of  these  alloys  using  a  vibrating 
sample  magnetometer.  We  also  studied  the  influence  of  a 
direct  current  passing  through  the  wires  during  measure¬ 
ments.  The  magnetic  field  Hp  created  by  this  current  corre¬ 
sponds  to  the  maximum  circular  field  at  the  surface  of  the 
wire,  given  by  the  following  expression: 


/ 

where  /  is  the  value  of  the  direct  current  which  passes 
through  the  wire  and  R„  is  the  radius  of  the  metallic  wire.  In 
order  to  avoid  a  significant  heating  of  the  wires,  the  current 
passes  through  them  just  for  a  few  seconds. 

The  magnetic  measurements  were  made  on  as-quenched 
samples  (wires  covered  by  glass)  and  after  the  glass  removal. 
The  glass  was  removed  by  chemical  etching.  We  used  suc¬ 
cessively  different  concentration  solutions  based  on  hydrof¬ 
luoric  acid  (38%  and  lower).  Optical  and  electrical  methods 
were  used  to  have  a  careful  control  of  the  removing  process, 
in  order  to  avoid  any  leactions  between  the  chemical  solu¬ 
tions  and  the  metallic  wire. 

III.  RESULTS  AND  DISCUSSION 

The  values  of  the  saturaticii  magnetization  for  the  stud¬ 
ied  alloys  are:  1.50,  0.80,  and  0.79  T  for  FeBSiC,  FeBSiCr, 
and  FeNiPB,  respectively. 

Table  I  illustrates  the  results  of  the  measurements  on  the 
amorphous  wires  covered  by  glass  with  diameters  ranging 
from  18  to  26  yum.  All  these  samples  present  a  square-shaped 
hysteresis  loop,  a  high  value  of  the  coercive  force 
(/V=250-450  A/m)  as  compared  with  that  of  the  amor¬ 
phous  ribbons  or  amorphous  wires  obtained  by  the  in- 


TABLE  1.  Magnetic  properlies  of  amorphous  wires  in  glass  cover,  at  a 
measuring  field  of  2054  A/m. 


Composition 

M(T) 

H,  (A/m) 

M,IM, 

10(/tc/«J 

Up  (A/m) 

FcyBisSiijCs 

0.32 

462 

0.21 

0.44 

0 

Fe^sBisSiijCs 

0.32 

414 

0.21 

0.44 

318 

F^eoBisSiijCrio 

0.21 

358 

0.26 

0.68 

0 

F^w^ijSiisCrio 

016 

287 

0.20 

0.4 

350 

Fc40Ni40r|4B(, 

0.31 

255 

0.36 

1.3 

0 

Fe4(jNi4^  148^ 

0.29 

239 

0.33 

1.09 

245 
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TABLE  II.  Magnetic  properties  of  amorphous  wires  after  removing  the 
glass,  at  a  measuring  field  of  2054  A/m. 


Composition 

M(T) 

H,  (A/m) 

M,IM, 

ItKRJK) 

/fp  (A/m) 

FcaBisSiisCs 

0.65 

207 

0.37 

1.37 

0 

FejsBisSijjCs 

0.65 

167 

0.33 

1.09 

245 

Fe^BisSiisOs 

0.65 

151 

0.23 

0.53 

490 

FcajBisSijsCrjo 

0.49 

119 

0.61 

3.72 

0 

F66oBi5Sii5Cr,o 

0.35 

88 

0.35 

1.23 

290 

Fe(;oB)5SiisCr,o 

0.28 

88 

0.18 

0.32 

579 

F®4oN>4oPi4B6 

0.80 

127 

0.82 

6.72 

0 

Fe4oNi4oPi4B6 

0.73 

111 

0.65 

4.23 

490 

rotating-water  spinning  method  having  the  same  composi¬ 
tion.  When  a  dc  current  passes  through  the  wire,  a  significant 
change  in  the  squareness  of  the  hysteresis  loop  cannot  be 
observed,  but  a  decrease  in  the  coercive  force  is  observed.  A 
decrease  in  the  axial  magnetization  of  all  samples  can  also  be 
observed.  After  removing  the  glass  from  the  amorphous 
wires,  the  measurements  show  an  increase  in  magnetization 
and  a  pregnant  decrease  in  the  coercive  force.  These  results 
are  illustrated  in  Table  II.  For  these  samples,  the  most  pro¬ 
nounced  increase  in  the  value  of  the  magnetization  is  ob¬ 
served  for  the  FeNiPB  alloy,  at  the  maximal  value  of  the 
measuring  field.  The  most  pronounced  decrease  in  the  coer¬ 
cive  force  is  observed  for  the  FeBSiCr  samples. 

Covered  wires  have  strong  transverse  anisotropy  as  sup¬ 
ported  by  the  small  values  of  M,IM^ .  After  removing  the 
glass  cover,  transverse  anisotropy  partially  relaxes 
increases).  Because  of  bistability,  the  wires  (covered  and  af¬ 
ter  removing  the  glass)  have  a  domain  structure  with  an  inner 
core  (axially  magnetized)  and  an  outer  shell  (with  transverse 
anisotropy).  The  radius  of  the  core  can  be  estimated  as 


where  is  the  radius  of  the  metallic  wire.  The  ratio  RJRy^, 
increases  after  removing  the  glass  cover  because  the  trans¬ 
verse  anisotropy,  induced  by  the  glass  cover,  relaxes.'*  Re¬ 
duction  of  coercivity  after  glass  removal  is  a  consequence  of 
removing  the  stresses  induced  by  the  cover. 

When  a  direct  current  passes  through  these  samples,  a 
decrease  in  the  magnetization  and  in  the  coercive  force  can 
be  observed.  Figure  1  shows  the  hysteresis  loops  for  the 
samples  covered  by  glass  [Fig.  1(a)]  and  after  removing  the 
glass  [Fig.  1(b)].  Figures  2(a)  and  2(b)  show  the  hysteresis 
loops  for  a  FeBSiCr  sample  covered  by  glass  and  after  re¬ 
moving  the  glass  cover,  respectively.  At  the  same  time,  these 
figures  illustrate  the  influence  of  a  direct  current  that  passes 
through  the  samples  during  measurements.  Asymmetry  of 
the  hysteresis  loop  produced  by  the  current  through  the  wire 
is  observed.  It  is  much  more  pronounced  when  the  current 
increases.  The  observed  shift  in  the  loop  is  found  to  follow 
the  direction  of  the  current.  The  bistable  behavior  of  the 
amorphous  wires  has  been  explained  by  the  fact  that  the 
macroscopic  magnetization  processes  in  these  materials  are 
especially  determined  by  the  magnetoelastic  anisotropy,  due 
to  the  coupling  between  the  internal  stresses  induced  by  the 
fabrication  process  and  the  magnetostriction  constant  of  the 


FIG.  1.  M-H  loops  of  FejjBisSiisCs  amorphous  wires;  (a)  in  glass  cover, 
//p=0  A/m  (solid  line),  //p=318  A/m  (dashed  line),  (b)  after  removing  ihe 
glass  cover,  //p=0  A/m  (solid  line),  //p=245  A/m  (dashed  line),  Hp=490 
A/m  (dotted  line). 


material.  This  behavior  is  in  accord  with  the  model  proposed 
by  Humphrey  et  al.^  Kinoshita,®  and  Mitra  and  Vazquez.’ 
These  wires  have  high  positive  magnetostriction  constants 
(X'=10“^)  and  they  behave  as  if  they  were  made  of  two  dis¬ 
tinct  regions,  an  axially  magnetized  inner  core  and  a  radially 
magnetized  outer  shell.  The  differences  in  magnetic  behavior 
of  the  amorphous  wires  covered  by  glass  and  that  of  the 
same  wires  after  removing  the  glass  indicate  a  transverse 
anisotro,<y  induced  by  the  glass  cover,  as  mentioned  before. 
For  the  samples  covered  by  glass,  at  the  maximal  value  of 
the  measuring  field,  the  square-shaped  hysteresis  loops  and 
the  small  value  of  the  axial  magnetization  show  a  high  value 
of  the  induced  transverse  anisotropy  and  it  stretches  on  a 
large  region  as  compared  with  that  occupied  by  the  axially 
magnetized  inner  core. 

The  shape  of  the  hysteresis  loops  after  removing  the 
glass  cover,  the  magnitude  of  the  measured  magnetic  param¬ 
eters,  and  their  changes  produced  by  the  dc  current  through 
the  wires  agree  with  the  above-mentioned  model.  At  the 
same  measuring  field  the  magnetization  of  these  samples  af¬ 
ter  removing  the  glass  cover  is,  however,  lower  than  that  of 
the  samples  with  the  same  compositions,  obtained  by  the 
in-rotating-water  spinning  method®  or  by  cold-drawing  pro¬ 
cess;  the  FeNiPB  alloy  is  an  exception.®  This  behavior  sug- 
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FIG.  2.  M-H  loops  of  Fe«)Bi5Si,5Crio  amorphous  wires:  (a)  in  glass  cover, 
Hp-Q  A/m  (solid  line),  Up  -350  A/m  (dashed  line);  (b)  after  removing  the 
glass  cover,  Hp-Q  A/m  (solid  line),  Hp=290  A/m  (dashed  line),  Hp=S79 
A/m  (dotted  line). 

gests  the  existence  of  another  ratio  between  the  dimensions 
of  the  axially  and  radially  magnetized  regions,  namely,  the 
increase  of  the  radially  magnetized  outer  shell  due  to  the 
internal  stresses  induced  by  the  presence  of  the  glass  cover 
during  the  fabrication  process.  The  thickness  of  the  radially 
magnetized  outer  shell  is  reduced  after  removing  the  glass 
cover. 


IV.  CONCLUSION 

The  metallic  amorphous  wires  obtained  by  a  variant  of 
the  Taylor  method^®  exhibit  a  square-shaped  hysteresis  loop 
and  a  high  value  of  the  coercive  force.  This  behavior  makes 
them  useful  to  generate  sharp  voltage  pulses.  Passing  a  dc 
current  through  these  wires  does  not  change  the  squareness 
of  the  hysteresis  loops.  It  produces  only  a  decrease  of  the 
coercive  force  with  maximum  20%.  The  removal  of  the  glass 
cover  leads  to  a  change  in  the  shape  of  the  hysteresis  loop,  a 
decrease  in  the  value  of  the  coercive  force  of  about  50%, 
accompanied  by  an  increase  in  the  magnetization  value,  at 
the  same  value  of  the  measuring  field.  It  also  leads  to  a 
higher  variation  of  the  magnetic  parameters  versus  the  value 
of  the  passing  current  through  the  sample.  We  also  observed 
the  influence  of  passing  the  dc  current  through  the  wires  on 
these  parameters,  during  measurements.  Comparative  mea¬ 
surements  between  the  samples  covered  by  glass  and  those 
obtained  after  glass  removal  were  performed. 
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Tensor  components  of  the  magnetization  in  a  twisted  Fe-rich 
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Dpto  de  Electricidad  y  Electronica,  Universidad  del  Pais  Vasco,  Apartado  644,  48080  Bilbao,  Spain 

Four  components  of  the  susceptibility  tensor  of  a  high  magnetostrictive  amorphous  Fe77  sSi7  5B15 
wire  are  investigated  by  means  of  ac  hysteresis  loop  measurements.  The  samples  have  been 
carefully  annealed  in  order  to  eliminate  the  internal  stresses  produced  during  the  quenching.  When 
tensile  stress  and/or  torsion  are  applied  bistable  magnetic  behavior  with  a  large  Barkhausen  jump  is 
observed.  The  effect  of  applied  torque  on  the  longitudinal  and  circular  components  of  remanence 
magnetization  and  on  the  longitudinal  and  circular  coercive  fields  is  studied  for  different  constant 
values  of  tensile  stress.  With  increasing  torque  the  axial  and  circular  components  of  remanence 
decrease  and  increase,  respectively,  approaching  the  limit  value  of  0.71  .  The  axial  coercive 

fields  for  the  axial  and  radial  magnetization  components  coincide.  They  are  nearly  constant  at  low 
torsion  and  above  same  threshold  value,  depending  on  applied  stress,  follow  approximately  a 
square-root  dependence  on  applied  torque.  When  tensile  stress  is  applied  the  circular  coercive  fields 
show  a  well  pronounced  minimum  at  the  same  threshold  torque.  The  experimental  results  are 
interpreted  by  taking  into  account  the  axial  and  helical  components  of  magnetic  anisotropy  induced 
by  magnetoelastic  coupling. 


The  most  outstanding  property  of  Fe-rich  amorphous 
wires — magnetic  bistability — is  a  consequence  of  the  par¬ 
ticular  distribution  0^  internal  stresses  introduced  by  the 
rapid  quenching  process.'  The  magnetic  bistability  can  be 
excited  by  axial  or  circular  H,),  magnetic  fields  and  can  be 
observed  for  both  the  axial  and  circular  magnetiza¬ 
tion  components.  In  general,  the  relation  between  the  two 
components  of  magnetization  and  the  two  components  of 
magnetic  field  are  described  by  the  susceptibility  tensor  x 

mAJxz. 

The  diagonal  components  of  x  correspond  to  the  axial 
loop  and  so  called  magnetoinductive 
effect,^  respectively.  The  nondiagonal  terms  are  related  to 
inverse  Wiedemann  and  Matteucci 

effects.^’'*  For  the  appearance  of  inverse  Wiedemann  and 
Matteucci  effects  the  presence  of  helical  magnetic  anisotropy 
is  required.  This  can  be  introduced  by  applied  torque  or  by 
torsion  annealing. 

Most  of  the  previous  works  deal  with  the  conventional 
M^-H^  magnetization  process  where  the  bistability  is  inter¬ 
preted  by  magnetization  reversal  in  the  inner  core  of  the 
wire.  More  complex  interpretation  is  needed  when  studying 
the  nondiagonal  magnetization  process  or  the  circular  mag¬ 
netization  process  in  the  magnetoinductive  effect.  In  some 
previous  papers^''*  also  the  other  types  of  hysteresis  loops 
have  been  separately  studied. 


“’On  leave  from  Institute  of  Physics,  Academy  of  Sciences  of  Czech  Repub¬ 
lic,  Na  Slovance  2,  18040  Prague  8,  The  Czech  Republic. 

’’*On  leave  from  Institute  de  Ciencta  de  Matenales,  Serrano  144,  28006 
Madrid,  Spam. 


The  aim  of  the  present  work  is  to  measure  and  analyze 
all  four  components  of  the  susceptibility  tensor.  In  this  way, 
a  deeper  information  about  magnetization  distribution  and 
magnetizing  process  can  be  obtained.  In  order  to  start  from  a 
more  homogeneous  anisotropy  distribution,  the  internal 
stresses  were  relieved  by  preannealing  treatment.  The  effect 
of  axial  and  helical  anisotropies  was  then  studied  by  apply¬ 
ing  tensile  stress  and  torque. 

Amorphous  wire  Fe775Si75Bi3  (diameter  131  ^m)  was 
kindly  supplied  by  Unitika  Co.,  Japan.  .Mternating  current 
hysteresis  loops  ,  and  of  a 

31.2-cm-long  sample  were  measured  under  various  applied 
torque  and/or  tensile  stress.  Alternating  current  magnetic 
field  of  frequency  11  Hz  to  5.5  kHz  was  provided  by  passing 
triangular-wave  current  through  either  the  magnetizing  sole¬ 
noid  (//j)  or  the  wire  The  output  voltage  taken  either 
from  a  4-cm-long  pickup  coil  (at  the  center  of  the  sample)  or 
between  the  ends  of  the  wire  was  electronically  integrated 
and  supplied  to  one  channel  of  a  digital  oscilloscope.  To  the 
other  channel  a  voltage  proportional  to  the  driving  cunent 
was  supplied.  The  ohmic  component  of  the  output  voltage 
produced  by  the  driving  current  through  the  wire  (in  case  of 
M  measurements)  was  subtracted  by  means  of  a  resis¬ 
tance  Wheatstone  bridge.  The  wire  was  current  annealed  for 
2  min  with  a  dc  current  of  605  mA  in  order  to  eliminate  the 
internal  stresses  produced  by  thr  quenching. 

The  influence  of  applied  torque  ^  on  the  hysteresis  prop¬ 
erties  was  investigated  at  the  frequency  of  110  Hz.  The  ex¬ 
ample  of  a  set  of  four  hysteresis  loops  is  shown  in  Fig.  1.  In 
the  case  of  and  measurements  the  circular 

magnetic  field  /i,^  produced  by  electric  current  through  the 
wire  is  nonuniform  so  we  use  the  “ballistic”  average  of  the 
field  //0=(l//?)//i0  dr= jR/4,  where  j  is  the  current  den¬ 
sity  and  R  the  radius  of  the  wire. 
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FIG.  1.  Hysteresis  loops  of  the  stress-relieved  amorphous  Fcj,  584^8,5  wire 
(frequency =110  Hz,  torque  f=1.67  rad/m,  tensile  stress  <r=0). 


All  four  hysteresis  loops  are  sensitive  to  applied  stress 
and  torque.  For  M^-Hj  and  M^-H^  no  hysteresis  is  ob¬ 
served  at  zero  torque  which  indicates  that  there  is  no  spon¬ 
taneous  helical  anisotropy  in  the  stress-relieved  wire.  In  the 
strain-free  state  (<r,  ^=0)  the  M^/M^  ratios  of  the  M^-Hi  and 
M^-H^  loops  are  0.56  and  0.40,  respectively,  which  can  be 
accounted  for  the  presence  of  domain  structure  and  the  usual 
magnetization  reversal  by  domain  wall  movement  and  rota¬ 
tional  processes.  With  a  small  tensile  stress  and/or  torque  all 
the  loops  became  rectangular  and  the  magnetization  reversal 
takes  place  by  a  large  Barkhausen  jump  between  two  nearly 
saturated  states. 

The  effect  of  applied  strain  on  magnetic  properties  is 
related  to  magnetic  anisotropy  induced  by  magnetoelastic 
coupling.  In  an  amorphous  wire  under  simultaneous  action  of 
tensile  stress  a  and  torsional  strain  ^  the  magnetoelastic  free 
energy  is  given  by 

Ea{r)=  -OI2)\,{ara]  +  2ii^ra^a,),  (2) 

where  fi  is  the  shear  modulus,  r  the  distance  from  the  axis  of 
thf*  wire,  and  a^,  are  the  circular  and  axial  components  of 
the  vector  Af /A/^ ,  respectively.  Provided  there  is  no  intrinsic 
stress  one  obtains  for  X^>0  an  orthorhombic  anisotropy  with 
the  local  easy  direction  along  the  helical  path  at  the  angle 

6  =  (l/2)arc /g(2ya^r/(r)  (3) 

with  respect  to  the  wire  axis.  For  (r=0  one  has  0=45°  in  the 
whole  volume.  For  <r>0  the  angle  0  continuously  Increases 
from  zero  at  the  axis  to  0o<45°  at  the  surface  of  the  wire. 
Using  Eq.  (3)  most  of  the  experimental  results  can  be  ex¬ 
plained. 

In  Fig.  2  the  dependencies  of  M^IM,  vs  applied  torque  ^ 
are  shown  for  three  different  levels  of  tensile  stress  a.  The 
experimental  data  are  compared  with  the  theoretical  curves 
calculated  with  the  assumption  that  there  are  no  magnetic 
domains  and  the  local  magnetization  is  parallel  to  the  local 
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FIG.  2.  Remanence-to-saturation  ratio  vs  applied  torque. 

easy  direction.  The  axial  and  circular  remanences  are  ob¬ 
tained  by  averaging  cos  0  and  M,  sin  0,  respectively, 
over  the  appropriate  cross  sections  of  the  wire.  (/i=6X10’° 
Pa  and  /UoA/j=1.55  T  were  used  for  the  calculations).  It  can 
be  seen  that  except  for  low  torsion  the  experimental  data 
agree  well  with  the  theoretical  curves.  For  (t=0  the  rema- 
nence  rapidly  approaches  the  value  0.71  A/j,  expected  for 
helical  saturation  at  45°.  The  approach  to  this  limit  value  is 
much  slower  when  tensile  stress  is  applied  because  of  the 
competition  between  the  axial  and  helical  anisotropies  in¬ 
duced  by  stress  and  torque,  respectively.  Discrepancies  be¬ 
tween  experimental  and  calculated  behavior  for  the  range  of 
small  applied  torques  should  be  related  to  the  presence  of 
some  closure  domains  at  the  surface  of  the  wire.  This  expla¬ 
nation  is  supported  by  the  shape  of  M^-H^  and  M^-H^  loops 
in  this  range  of  The  loops  are  curved  before  the 
Barkhausen  jumps  occur.  No  such  anomaly  is  observed  for 
the  circular  remanence. 

The  coercive  force  is  shown  in  Fig.  3  as  a  function  of 
square  root  of  torsion.  For  <7=0  all  four  coercive  fields  are 
nearly  equal  and  follow  quite  well  the  linear  dependence  on 

in  agreement  with  the  previously  reported  data."*  With 
applied  axial  stress  the  nature  of  these  dependencies  substan¬ 
tially  changes.  The  axial  coercive  fields  and  are 
nearly  constant  at  low  applied  torsion  but  above  some  critical 
value  of  ^  they  also  roughly  follow  the  dependence  with 
higher  slope  than  in  case  cr=0.  The  circular  coercive  fields 
//„0  and  are  large  at  low  then  decrease  and  show 
minima  at  approximately  the  same  critical  values  of  torsion. 
With  further  increasing  ^  they  again  roughly  follow  the  de¬ 
pendence  obtained  for  (t=0.  The  observed  behavior  of  coer¬ 
cive  fields  can  be  explained  by  the  model  proposed  for 
bistable  behavior  of  as-quenched  wires.^  According  to  this 
model  the  magnetization  reversal  is  caused  by  depinning  of  a 
residual  oppositely  polarized  domain  from  the  end  of  the 
wire.  When  the  switching  field  is  achieved  the  domain  wall 
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FIG.  3.  Coercive  fields  vs  square  root  of  torque. 

becomes  free  and  rapidly  moves  to  the  opposite  end  of  the 
wire.  It  has  been  shown  that  in  wires  with  predominantly 
axial  anisotropy  the  switching  field  is  proportional  to  domain 
wall  energy  When  the  applied  magnetic  field  is  not 
parallel  to  the  easy  direction  the  pressure  exerted  by  the  wall 
is  proportional  to  cos  w,  where  (a  is  the  angle  between  mag¬ 
netization  and  magnetic  field.  One  can  thus  introduce  a  more 
general  equation  for  the  switching  field 

H*-ayJcos(x),  (4) 

where  a  is  a  parameter  accounting  for  the  depinning  process. 
In  case  of  orthorhombic  anisotropy  the  domain  wall  energy 
depends  on  the  orientation  of  the  wall.’  Us¬ 
ing  Eq.  (2)  one  finds  the  minimum  for  the  wall  perpen¬ 
dicular  to  the  surface  of  the  wire  with 

A:,ff=(3/4)X,{(r+[(r’+(2/t^r)’]''2}  (5) 

Using  Eq.  (4)  for  axial  (H*)  and  circular  (//p  switching 
fields  one  obtains 

H*  =  ayJcosO,  H*^=ayJ%mQ.  (6) 

These  formulas  cannot  be  directly  applied  to  the  measured 
coercive  fields  because  at  the  frequency  of  110  Hz,  which  we 


have  used,  there  is  a  large  contribution  of  anomalous  eddy 
current  losses  to  He  ■  Some  qualitative  conclusions,  however, 
can  be  made. 

The  local  domain  wall  energy  and  consequently  the  local 
switching  fields  depend  on  the  distance  r  from  the  axis  of  the 
wire.  It  is  obvious  from  Eq.  (5)  that  the  depinning  of  the  wall 
does  not  take  place  at  r=0  because  then  the  switching  fields 
are  independent  of  torque.  For  zero  axial  stress  one  has 
0=45°  and  which  explains  well  the  linear  depen¬ 

dence  of  He  on  For  a>0  and  low  applied  torque  the 
helical  easy  axis  is  close  to  the  wire  axis  (6  is  small)  and  the 
domain  wall  energy  is  predominantly  determined  by  the  ten¬ 
sile  stress  a.  This  can  explain  the  nearly  constant  axial  coer¬ 
cive  fields  at  low  f  and  the  high  values  of  circular  coercivi- 
ties.  With  increasing  torque  sin  6  increases  and  the  circular 
coercive  fields  decreases.  At  high  levels  of  torque,  where  the 
helical  anisotropy  dominates,  similar  behavior  to  (t=0  can  be 
expected. 

The  observation  of  all  four  components  of  the 
“hysteresis-loop  tensor”  in  the  stress-relieved  Fe-rich  amor¬ 
phous  wire  have  shown  that  the  bistable  switching  behavior 
observed  with  applied  torque  and/or  tensile  stress  can  be 
qualitatively  explained  by  a  simple  model  based  on  the  su¬ 
perposition  of  helical  and  axial  magnetic  anisotropies.  For 
the  quantitative  comparison  of  experimental  data  with  the 
model  the  quasistatic  measurements  of  the  switching  fields 
are  needed.  These  experiments  are  now  in  progress. 

One  of  the  authors  (LK)  carried  out  the  work  as  part  of 
the  mobility  action  for  Cooperation  in  Science  and  Technol¬ 
ogy  with  Central  and  Eastern  European  Countries  financed 
by  the  Commission  of  the  European  Communities  under 
Project  No.  ERB-CIPA-CT-92-0127.  Financial  support  to 
one  of  the  authors  (SNK),  from  Ministerio  de  Educacion  y 
Ciencia  (Spain)  is  gratefully  acknowledged. 
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A  metastabie  ternary  Nd-Fe-B  compound 

B.  X.  Gu,  B.  G.  Shen  and  H.  R.  Zhai 
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The  metastable  compound  Nd6Fe77Bi7  has  been  obtained  by  the  crystallization  from  the  amorphous 
phase  in  the, Nd-Fe-B  system.  Its  crystal  structure  is  similar  to  that  of  the  compound  Nd2Fe23B3.  At 
high  temperature  this  metastable  compound  decomposes  into  a-Fe  and  Ndj  jFe4B4  phases.  The 
room  temperature  magnetization  and  coercivity  are  154  A  m^/kg  and  12  kA/m,  respectively. 


I 


I.  INTRODUCTION  III.  RESULTS  AND  DISCUSSION 


Metastable  phases  have  an  important  influence  on  the 
hard  magnetic  properties  of  a  permanent  magnet.  The  study 
of  the  structure,  magnetic  properties,  and  stability  of  meta- 
stable  phases  has  attracted  attention.  However  the  metastable 
compounds  with  a  single  phase  cannot  be  obtained  in  the 
cast  alloys.  The  advent  of  amorphous  alloys  offers  the  pos¬ 
sibility  of  preparing  metastable  compounds  which  are  not 
observed  in  the  corresponding  phase  diagrams.  Boschow 
e/a/.*  have  found  the  metastable  compounds  Nd2Fe23B3, 
NdFe,2B6,  and  Y3Feg2Bi4.  We  reported  the  structure,  mag¬ 
netic  properties,  and  the  stability  of  metastable  compound 
Nd'.FegiBig.^’^  These  metastable  intermetallic  compounds 
are  prepared  by  the  crystallization  of  suitable  amorphous  al¬ 
loys  at  lower  temperatures.  Recently  during  the  investigation 
of  the  crystallization  of  amorphous  Nd^Fe83_„B,7  alloys  we 
obtained  a  metastable  compound  Nd6Fe77Bi7.  Its  structure  is 
similar  to  that  of  the  compound  Nd2Fe23B3.  In  this  article  the 
structure  and  magnetic  properties  of  the  metastable  com¬ 
pound  NdgFe77Bi7  are  reported. 


II.  EXPERIMENT 

The  alloys  with  composition  Nd6Fe77Bi7  were  prepared 
by  induction  under  argon  atmosphere  using  raw  material  of 
99.9%  purity.  The  homogenized  alloys  were  rapidly 
quenched  by  ejection  from  a  quartz  crucible  on  to  a  copper 
wheel  rapidly  rotating  at  a  speed  of  about  37  m/s  under  argon 
atmosphere.  The  samples  were  annealed  in  the  temperature 
range  of  773  to  1200  K  for  10  min  in  a  quartz  tube  which 
was  evacuated  to  7.5X10“^  Torr  and  backfilled  with  flowing 
high  purity  helium  evaporated  from  liquid  He.  X-ray  mi- 
croanalysis  was  used  to  determine  the  chemical  composition 
of  the  samples.  The  structure  of  as-quenched  samples  and 
phase  composition  of  annealed  samples  were  identified  by 
x-ray  diffraction  with  Co  Ka  radiation.  Differential  thermal 
analysis  (DTA)  measurement  was  performed  under  an  argon 
atmosphere  at  a  heating  rate  of  20  K/min.  Magnetic  proper¬ 
ties  were  measured  by  vibrating  sample  magnetometer  at  a 
maximum  applied  magnetic  field  of  800  kA/m. 


"Institute  of  Physics,  Academia  Sinica,  Beijing  100080,  China. 


A.  Structure 

X-ray  diffraction  spectra  of  the  as-quenched  and  an¬ 
nealed  Nd6Fe77Bj7  alloys  are  shown  in  Fig.  1.  It  can  be  seen 
that  the  x-ray  diagram  of  as-quenched  samples  exhibits  a 
diffused  broad  maximum.  No  contribution  from  the  crystal¬ 
line  phases  is  seen,  suggesting  the  amorphous  nature.  The 
x-ray  spectrum  of  the  samples  annealed  at  900  K  shows 
sharp  peaks.  The  observed  values  of  the  diffraction  angle  0 
and  relative  diffraction  intensity  /  of  the  compound 
NdfiFe77Bi7  a-e  shown  in  Table  I.  For  comparison  the  values 
of  0  and  I  of  the  compound  Nd2Fe23B3  (Ref.  4)  are  given  in 
Table  I  too.  It  can  be  seen  that  the  angles  and  intensities  of 
all  diffraction  lines  are  almost  in  agreement  with  that  of  the 
compound  Nd2Fe23B3.  This  result  shows  that  the  compound 
NdfiFe77Bi7  annealed  at  900  K  is  single  phase.  It  has  the 
same  crystal  structure  as  the  compound  Nd2Fe23B3.  Mooij 
et  al*  have  reported  that  the  crystal  structure  of  the  com¬ 
pound  Nd2Fe23B3  is  a  body-centered  cubic  and  belongs  to 
space  group  M3d.  The  small  difference  of  the  values  of  the 
diffraction  angles  between  the  compounds  Nd6Fe77Bi7  and 
Nd2Fe23B3  shown  in  Table  1  may  originate  from  a  slight 
change  of  the  lattice  constant  due  to  the  difference  in  the 
composition. 


FIG.  1  X-ray  (Co  Ka)  diffraction  spectra  of  the  annealed  NdsFe77Bi7  al¬ 
loys 
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TABLE  I.  The  observed  values  of  6  and  I  of  the  metastable  compound 
NdjFe77B,7  (Cu  Ka)-,  (s=strong,  m=medium,  w=wealt,  v=veiy). 


2001 


80 


NdjFeTjBj  (Ref.  4) 

e 

/ 

e 

/ 

16.2 

m 

16.06 

71.3 

17.4 

m 

17.30 

27.5 

19.7 

vs 

19.54 

121.1 

20.7 

vs 

20.59 

155.2 

21.7 

m 

21.60 

52.5 

22.2 

m 

22.10 

31.9 

227 

s 

22.57 

109.4 

23.6 

m 

23.57 

55.8 

26.8 

w 

26.59 

18.1 

28.0 

m 

27.83 

33.2 

In  the  x-ray  diffraction  spectra  of  the  sample  annealed  at 
temperatures  higher  than  1000  K  the  diffraction  peaks  of  this 
phase  have  almost  disappeared.  Instead  the  x-ray  spectra  are 
composed  of  the  diffraction  peaks  due  to  a-Fe  and  the 
Ndj,iFe4B4  phase.  The  amount  of  the  Ndj  iFe4B4  phase  in¬ 
creases  with  increasing  annealing  temperature.  This  result 
shows  that  the  compound  NdgFe77Bj7  is  metastable.  At  high 
temperature  it  decomposes  into  a-Fe  and  Ndj  iFe4B4  phases. 

The  metastable  compound  Nd5Fe77Bi7  has  not  been  ob¬ 
tained  in  cast  alloys  of  the  corresponding  composition.  It  is 
well  known  that  in  the  cast  alloys  crystalline  phases  have 
low  free  energy  and  thus  they  are  stable.  An  amorphous  alloy 
is  not  an  equilibrium  compound.  They  have  high  free  energy. 
Stadelmater  etal.^  have  shown  that  diffusion  of  atoms  in 
alloys  of  this  composition  range  is  slow  at  annealing  tem¬ 
peratures  below  about  1000  K.  Therefore  when  the  amor¬ 
phous  NdjFe77Bi7  alloy  is  annealed  at  a  temperature  below 
1000  K,  the  free  energy  of  the  amorphous  alloys  cannot  be 
rapidly  decreased  due  to  the  slow  diffusion  of  atoms.  So 
stable  crystal  compounds  are  net  formed.  Amorphous  alloys 
crystallize  into  the  metastable  phase.  At  some  higher  tem¬ 
perature  the  metastable  compound  transforms  into  the  equi¬ 
librium  phase. 

Figure  2  shows  the  DTA  trace  of  the  amorphous 
NdfiFe77Bi7  alloy.  TVvo  exotherms  are  observed.  The  sharp 
exothermal  peak  at  904  K  shows  the  crystallization  from  the 
amorphous  stale  into  the  metastable  Nd6Fe77Bi7  phase.  Thus 
the  crystallization  temperature  of  amorphous  Nd6Fe77Bi7  al- 


FIG.  2.  The  DTA  trace  of  the  amorphous  Nd6Fe77Bi7  alloy. 


Ta(K) 

FIG.  3.  The  room  temperature  magnetiz’ttion  a  and  coercivity  He  as  z 
function  of  annealing  temperature  Ta. 


FIG.  4.  Hysteresis  loop  of  the  900  K  annealed  sample. 


TIK) 

FIG.  5.  Temperature  dependence  of  the  magnetization  of  the  900  K  an¬ 
nealed  sample. 
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loys  is  904  K.  The  weak  exothermal  peak  at  about  970  K 
originates  from  the  transformation  from  the  metastable  phase 
into  the  stable  phases.  This  is  in  agreement  with  the  results  of 
x-ray  diffraction. 

B.  Magnetic  properties 

Figure  3  shows  the  dependence  of  room  temperature 
magnetization  and  coercivity  He  on  the  annealing  tempera¬ 
ture  Ta.  When  Ta<950  K  the  magnetization  inaeases  with 
increasing  annealing  temperature.  It  indicates  that  the  mag¬ 
netization  of  the  early  crystallized  metastable  phase  is  larger 
than  that  of  amorphous  alloys.  When  7’fl>950  K  the  magne¬ 
tization  decreases  with  increasing  Ta.  It  originates  from  the 
increase  of  the  content  of  the  paramagnetic  phase  Ndi,iFe4B4 
which  is  obtained  by  the  decomposition  of  the  metastable 
phase.  The  coercivity  of  the  Nd5Fe77Bi7  alloy  increases  with 
increasing  annealing  temperature,  goes  to  a  maximum  of  44 
kA/m  at  1050  K,  and  then  decreases.  The  room  temperature 
magnetization  and  coercivity  of  the  metastable  compound 
Nd5Fe77Bi7  are  154  A  m^/kg  and  12  kA/m. 

The  hysteresis  loop  and  thermomagnetic  curve  of  the 
900  K  annealed  sample  measured  at  a  magnetic  field  of  800 


kA/m  are  shown  in  Figs.  4  and  5,  respectively.  As  seen  in  the 
two  figures,  the  magnetization  changes  monotonously.  No 
kink  is  observed.  These  results  show  that  there  is  only  a 
single  magnetic  phase  in  the  900  K  annealed  sample.  It  is  in 
agreement  with  the  result  of  x-ray  diffraction  analysis.  This 
confirms  further  that  the  metastable  compound  Nd5Fe77Bi7 
obtained  by  annealing  at  900  K  is  single  phase. 
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Helicail  anisotropy  and  Matteucci  effect  in  Co-Si-B  amorphous  wires 
with  negative  magnetostriction  (abstract) 
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The  Co-Si-B  amorphous  wires  having  the  negative  magnetostriction  comprises  shell  and  core 
domains  and  exhibits  the  re-entrant  flux  reversal  as  the  Fe-Si-B  wire  with  positive 
magnetostriction.^  One  of  the  characteristic  features  of  Co  based  wires  is  that  a  sharp  pulse  voltage 
generation  between  two  wire  ends  (Matteucci  effect)  is  accompanied  with  re-entrant  flux  reversal,^ 
which  is  useful  for  sensor  application  because  of  no  need  for  sense  windings.  In  this  work,  we 
studied  the  origin  of  the  large  Matteucci  effect  of  Co-Si-B  wires  by  domain  observation  with  a  Kerr 
microscope  and  by  Sixtus-Tonks  experiments  by  driving  the  reverse  domain  propagation  with  the 
circular  fields  generated  by  the  current  through  wires.  We  also  tried  to  measure  the  hysteresis  loop 
in  the  circular  direction  by  integrating  the  Matteucci  voltage.  It  was  found  that  the  domain  patterns 
of  the  Co-Si-B  wire  surface  is  not  the  previously  reported  bamboo  configuration*  but  the  helical 
configuration.  Most  of  the  anisotropy  of  the  amorphous  materials  is  magnetostrictive  in  origin.  The 
helical  anisotropy  of  Co  based  wire  seems  consistent,  if  we  assume  the  same  residual  stress 
distribution  as  in  the  steel  rod  quenched  into  the  water.^  Because  of  the  helical  anisotropy,  the  Co 
wire  has  the  big  circular  component  of  magnetization  in  the  core  domain  as  well  as  in  the  shell 
domain,  and  both  domain  can  interact  near  the  interface  region.  It  was  found  that  reverse  domain 
propagation  along  the  wire  axis  can  be  caused  by  application  of  the  circular  field  and  that  the  shell 
domain  moves  discontinuously  during  the  re-entrant  flux  reversal  in  the  core  domain.  These  circular 
magnetization  components  in  both  core  and  shell  domains  due  to  helical  anis  tropy  and  their 
interaction  seems  responsible  for  the  large  Matteucci  effect  in  the  Co-Si-B  wires. 
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R.  Malmhall,  J.  Appl.  Phys.  63,  3949  (1988). 

^H.  Takamure  et  al,  J.  Mag.  Soc.  Jpn.  13,  265  (1989)  (in  Japanese). 

^R.  Isomura  et  al,  J.  Jpn.  Inst.  Metal.  26,  745  (1962)  (in  Japanese). 


6958 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021-8979/94/75(10)/6958/1/$6.00 


©  1994  American  Institute  of  Physics 


The  rf  permeability  of  dc  planar  magnetron  sputtered  FeNi  multilayer 
films  (abstract) 

Craig  A.  Grimes  and  Catherine  C.  Baliantyne 
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Recording  heads  are  commorJy  built  in  a  multilayer  stack  to  eliminate  or  reduce  domain  walls  by 
allowing  flux  closure,  or  magnetostatic  coupling,  between  the  magnetic  layers  aaoss  nonmagnetic 
spacers.  Use  of  an  electrically  insulating  spacer  material  will  reduce  eddy  current  shielding 
increasing  the  high  frequency  performance  of  the  head.  As  magnetic  recording  systems  continue 
their  trend  to  higher  operating  frequencies  knowledge  of  the  rf  permeability  of  head-like  multilayer 
materials  becomes  quite  important.  We  examine  the  complex,  rf  permeability  spectra  of  dc  planar 
magnetron  sputtered  FeNi  multilayer-films  as  a  function  of  spacer  material,  number  of  layers,  and 
thickness  of  the  spacer  and  magnetic  layer.  Ibe  permeability  spectra  are  measured  using  a 
permeameter*  over  the  frequency  range  3-300  MHz.  The  spacer  materials  examined  include  several 
metals  and  metal  alloys,  the  corresponding  oxides,  silicon,  and  silicon  nitride.  The  magnetic  layer 
is,  by  weight,  81.8%  Ni  and  18.2%  Fe.  We  have  found  that  for  a  constant  magnetic  layer  thickness, 
as  the  nonmagnetic  spacer  thickness  decreases  from  30  to  10  nm  the  permeability  magnitude  of  the 
multilayer  stack  increases  and  the  resonance  frequency  shifts  to  lower  values.  As  the  spacer 
thickness  increases  above  30  nm  the  permeability  response  remains  constant  with  a  negligible  value 
of  /i".  The  permeability  spectra  are  approximately  the  same  for  spacer  layers  made  of  metal  or  their 
corresponding  oxides.  Spacer  layers  made  of  Si3N4  result  in  permeability  spectra  with  the  highest 
permeability  magnitudes.  For  example,  the  permeability  magnitude  of  a  multilayer  stack  composed 
of  four  120  nm  FeNi  layers  separated  by  10  nm  spacers  is  approximately  2000  for  metal  spacers, 

2300  for  Si  spacers,  and  4200  for  Si3N4  spacers.  For  a  fixed  number  of  multilayer  pairs  and  constant 
spacer  layer  thickness  making  the  FeNi  layer  thicker  tends  to  increase  the  permeability  magnitude, 
reduce  the  resonance  frequency,  and  lower  the  low  frequency  coercive  force. 
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A  one-dimensional  quantum  version  of  the  frustrated  XY  (planar  rotor)  model  is  considered  which 
can  be  physically  redized  as  a  ladder  of  Josephson  junctions  at  half  a  flux  quantum  per  plaquette. 

This  system  undergoes  a  superconductor  to  insulator  transition  at  zero  temperature  as  a  function  of 
charging  energy.  The  critical  behavior  is  studied  using  a  Monte  Carlo  transfer  matrix  applied  to  the 
path-integral  representation  of  the  model  and  a  finite-size-scaling  analysis  of  data  on  small  system 
sizes.  Depending  on  the  ratio  between  the  interchain  and  intrachain  couplings  the  system  can  have 
single  or  double  transitions  which  is  consistent  with  the  prediction  that  its  critical  behavior  should 
be  described  by  the  two-dimensional  classical  AY-Ising  model. 


I 

The  two-dimensional  frustrated  classical  XY  model  has 
attracted  considerable  attention  recently.'"*  It  can  be  related 
to  Josephson-junction  arrays  in  a  magnetic  field,  where  it  is 
expected  to  describe  the  finite-temperature  superconductor  to 
normal  transition  in  arrays  with  half  a  flux  quantum  per 
plaquette.’  At  low  temperatures  where  capacitive  effects 
dominate,  the  array  undergoes  a  superconductor  to  insulator 
transition  as  a  function  of  charging  energy.'®"'^  These  charg¬ 
ing  effects  arise  from  the  small  capacitance  of  the  grains 
making  up  the  array  and  leads  to  strong  quantum  fluctuations 
of  the  phase  of  the  superconducting  order  parameter.  The 
critical  behavior  is  now  described  by  a  two-dimensional  frus¬ 
trated  quantum  XY  model  with  a  Hamiltonian'^ 

H=  -J  2  (^)  -2^  cosier- Or.)  .  (1) 

The  first  term  in  Eq.  (1)  describes  quantum  fl":u;?'ions  in¬ 
duced  by  the  charging  energy  Lf.=4e^/C  o>.  a  ni-r.  neutral 
superconducting  grain  located  at  site  r,  where  e  is  the  elec¬ 
tronic  charge  and  C  is  the  effective  capacitance  of  the  grain. 
The  second  term  is  the  usual  Josephson-junction  coupling 
between  nearest-neighbor  grains,  d,  represents  the  phase  of 
the  superconducting  order  parameter  and  the  couplings 
satisfy  the  Villain’s  “odd  rule”  in  which  the  number  of  nega¬ 
tive  bonds  in  an  elementary  cell  is  odd.'^  In  a  square  lattice 
this  can  be  satisfied,  for  example,  by  ferromagnetic  horizon¬ 
tal  rows  and  alternating  ferromagnetic  and  antiferromagnetic 
columns  of  bonds.  This  rule  is  a  direct  consequence  of  the 
constraint  that,  for  the  half-flux  case,  the  line  integral  of  the 
vector  potential  due  to  the  applied  magnetic  field  should  be 
equal  to  tt  in  units  of  the  flux  quantum. 

In  this  work  we  consider  a  one-dimensional  frustrated 
quantum  XY  (ID  FQAT)  model'*  which  can  be  regarded  as 
the  simplest  ID  version  of  the  model  (1)  consisting  just  of  a 
single  column  of  frustrated  plaquettes  as  indicated  in  Fig.  1. 
This  can  be  physically  realized  as  a  periodic  Josephson- 
junction  ladder  at  half  a  flux  quantum  per  plaquette.'*’'^  In 


the  classical  limit  (££= 0),  the  ground  state  of  the  ID  FQAT 
model  has  a  discrete  Z2  symmetry  associated  with  an  antifer¬ 
romagnetic  pattern  of  plaquette  chiralities  Xp--^>  indi¬ 
cated  in  Fig.  1,  measuring  the  two  opposite  directions  of  the 
supercurrent  circulating  in  each  plaquette.  For  small 
there  is  a  gap  for  creation  of  kinks  in  the  antiferromagnetic 
pattern  of  Xp,  and  the  ground  state  has  long-range  chiral 
order. 

Within  a  path-integral  approach,'*  it  can  be  shown  that 
the  effective  action  describing  quantum  fluctuations  in  the 


FIG.  1.  Schematic  representation  of  the  one-dimensional  frustrated  quantum 
XY  model  with  inter-  (£,)  and  intrachain  (i:Ey)  coupling  constants.  The 
antiferromagnetic  ordering  of  chiralities  Xp--i  ^Iso  indicated. 
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ID  FQXy  rtiodel  leads  to  two  coupled  AT  models  in  two 
(space-time)  dime^ions  which  is  expected  to  have  a  critical 
behavior  in  the  universality  class  of  the  2D  AT-Ising  model*® 
detihed  by  the  classical  Hamiltonian 

[A(l+<rr<rr'  cos(0r“ ^rO+Co-^cr,.*)]  . 

(2) 

The  phase  diagram  of  this  model  consists  of  three  branches, 
in  the  ferromagnetic  region.  One  of  them  corresponds  to 
single  transitions  with  siihultaneous  loss  of  AT  and  Ising 
order.  Further  away  from  the  branch  point,  this  line  of  single 
transitions  becomes  first  order.  The  other  two  lines  corre¬ 
spond  to  separate  AT  and  Ising  transitipris.  The  ID  FQAT 
model  is  represented  by  a  particular  path  through  this  phase 
diagram  which  will  depend  on  the  ratio  EJEy  between  the 
interchain  and  intrachain  couplings  of  the  model.  In  this 
work  we  describe  the  results  of  a  finite-size  scaling  analysis 
of  extensive  calculations  on  the  ID  FQAT  model*®’*’  which 
shows  that,  in  fact,  the  AT  and  Ising-like  excitations  of  the 
quantum  model  decouple  for  large  interchain  couplings,  giv¬ 
ing  rise  to  pure  Ising  mode!  critical  behavior  for  the  chirality 
order  parameter.  As  a  consequence,  the  universality  class  of 
the  superconductor-insulator  transition  in  the  related 
Josephson-junction  ladder  should  then  depend  on  the  ratio 
between  interchain  and  intrachain  Josephson  couplings. 

To  study  the  critical  behavior  of  the  ID  FQAT  model, 
we  find  it  convenient  to  use  an  imaginary-time  path-integral 
formulation  of  the  model.^®  In  this  formulation,  the  one¬ 
dimensional  quantum  problem  maps  into  a  2D  classical  sta¬ 
tistical  mechanics  problem  where  the  ground  state  energy  of 
the  quantum  model  of  finite  size  L  corresponds  to  the  re¬ 
duced  free  energy  per  unit  length  of  the  classical  model  de¬ 
fined  on  an  infinite  strip  of  width  L  along  the  imaginary  time 
direction,  where  the  time  axis  t  is  discretized  in  slices  At. 
After  scaling  the  time  slices  appropriately  in  order  to  get  a 
space-time  isotropic  model  one  obtains  a  classical  partition 
function  where  the  parameter  a= (£,,/£<.)  *^^  plays  the  role  of 
an  inverse  temperature  in  the  2D  classical  model.  Tne  scaling 
behavior  of  the  energy  gap  for  kink  excitations  (chiral  do¬ 
main  walls)  of  the  ID  FQAT  corresponds  to  the  interface 
free  energy  of  an  infinite  strip  in  this  classical  model.  For 
large  a  (small  charging  energy  E^),  there  is  a  gap  for  cre¬ 
ation  of  kinks  in  the  antifenomagnetic  pattern  of  Xp  and  the 
ground  state  has  long-range  chiral  order.  At  some  aitical 
value  of  a,  chiral  order  is  destroyed  by  kink  excitations,  with 
an  energy  gap  vanishing  as  |a  -  ad'',  which  defines  the  cor¬ 
relation  length  exponent  v.  Right  at  this  critical  point,  the 
correlation  function  decays  as  a  power  law  {XpXp') 
=  |p-p'|”’  with  a  critical  exponent  77.  The  free  energy  per 
unit  length  /(a)  of  the  Hamiltonian  on  the  infinite  strip  can 
be  obtained  from  the  largest  eigenvalue  Xq  of  the  transfer 
matrix  between  different  time  slices  as/  -  -  In  Xq.  To  obtain 
Xq,  we  used  a  Moate  Carlo  transfer-matrix  method^*  which 
has  been  shown  to  lead  to  accurate  estimates  of  the  largest 
eigenvalue  even  for  models  with  continuous  symmetry.  The 
implementation  of  this  method  is  similar  to  the  case  of  the 
2D  frustrated  classical  XY  model®  and  further  details  can  be 
found  in  that  work. 


10 

L 


FIG.  2.  S=d£iF(a,L)lda  evaluated  near  the  critical  coupling  a^.  The 
slope  of  the  straight  line  gives  an  estimate  of  Vv. 

The  interfacial  free  energy  for  domain  walls  can  be  ob¬ 
tained  from  the  differences  between  the  free  energies  for  the 
infinite  strip  with  and  without  r.  wall.  To  obtain  the  critical 
exponents  and  critical  coupling  we  employ  the  finite-size 
scaling  AF(a,L)=A(L^''’Sa)  where  A  is  a  scaling  function 
and  Sa=a-ac.  In  a  linear  approximation  for  the  argument 
of  A,  we  have 

AF{a,L)^a  +  bL^^''Sa  (3) 

which  can  be  used  to  determine  the  critical  coupling  and 
the  exponent  v  independently.*®  The  change  from  an  increas¬ 
ing  trend  with  I  to  a  decreasing  trend  provides  and  estimate 
of  Og .  Once  the  critical  coupling  is  known,  the  correlation 
function  exponent  7  can  be  obtained  from  the  universal  am¬ 
plitude  a  in  Eq.  (3)  through  a  result  from  conformal 
invariance,^  0  =  177).  To  estimate  the  correlation  length  ex¬ 
ponent  V  we  first  obtain  the  derivative  S = dAFIda  near  , 
then  it  can  easily  be  seen  that  a  log-log  plot  of  5  vs  L  gives 
an  estimate  of  1/p  without  requiring  a  precise  determination 
of  ac .  In  Fig.  2  we  show  this  kind  of  plot  for  EJEy=3  from 
where  we  get  the  estimate  p=  1.05(6).  Of  course,  this  is  only 
valid  in  the  linear  approximation  of  Eq.  (3).  To  ensure  that 
higher-order  terms  can  safely  be  neglected,  the  data  for 
AF(a,L)  must  be  obtained  in  a  sufficiently  small  range  near 
Op .  We  also  checked,  using  a  more  general  finite-size  scaling 
analysis,®  that  allowing  for  higher-order  terms  gives  results 
agreeing  within  the  errors.  The  results  for  the  critical  cou¬ 
pling  Oc  and  critical  exponents  v  and  77  for  two  different 
values  of  the  ratio  EJEy=l  and  3  are  indicated  in  Table  1. 

For  equal  couplings  E^=Ey,  the  results  for  the  critical 
exponents  77  and  p  differ  significantly  from  pure  2D  Ising 


TABLE  I.  Critical  couplings  [aj=(Ey/£j)'^^]  and  critical  exponents 
obtained  from  finite-size  scaling  analysis  of  interfacial  free  energies  for  two 
values  of  the  ratio  between  interchain  and  intrachain  couplings  (EJEy). 


EJEy 

V 

V 

1 

1.04(1) 

0,81(4) 

0.47(4) 

3 

1.16(2) 

1.05(6) 

0.27(3) 
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FIG.  3.  Behavior  of  the  interfacial  free  energy  for  a  system  of 

size  £=12  resulting  from  an  imposed  phase  twist  of  tr.  Vertical  arrows 
indicate  the  locations  of  the  Ising  and  XY  transitions  and  the  horizontal 
arrow  the  value  AF=n’  from  where  the  XY  transition  is  located. 


exponents  (v=l,  77=0.25).  This  result  points  to  a  single  tran¬ 
sition  scenario:  In  fact,  they  are  consistent  with  a  point  along 
the  line  of  single  transitions  in  the  JT-Ising  model.'®  It  is 
interesting  to  note  that  this  result  is  also  consistent  with  simi¬ 
lar  calculations  for  the  2D  frustrated  classical  XY  model.®  In 
general,  the  critical  behavior  of  a  d  dimensional  quantum 
model  is  in  the  same  universality  class  of  the  d+1  dimen¬ 
sional  classical  version.  However,  the  ID  FQA'T  model,  ap¬ 
parently,  is  not  the  Hamiltonian  limit  of  the  2D  classical 
model.  Yet,  their  critical  behavior  appears  to  be  in  the  same 
universality  class. 

For  the  case  of  unequal  couplings  EJEy=3,  the  results 
indicated  in  Table  1  are  in  good  agreement  with  pure  2D 
Ising  values.  From  the  relation  between  the  ID  FQYY  model 
and  the  2D  AT-Ising  model  this  then  implies  that  the  AY  and 
Ising-like  excitations  have  decouple  in  this  region  of  param¬ 
eters.  To  show  that  in  fact  one  has  two  decoupled  and,  at  the 
same  time,  separated  transitions  we  show  in  Fig.  3  the  results 
for  the  helicity  modulus  which  measui  s  the  response  of  the 
system  to  an  imposed  twist.  The  helicity  modulus  is  related 
to  the  free-energy  differences  AF  between  strips  with  and 
without  any  additional  phase  mismatch  of  tt  along  the  strip 
and  is  given  by  7=2AF/ir^  for  large  system  sizes.  If  the 
model  is  decoupled  then  the  transition  should  be  in  the  uni¬ 
versality  class  of  the  2D  classical  XY  model,  where  one 
knows  that  the  transition  is  associated  with  a  universal  jump 
of  2/7r  in  the  helicity  modulus.^  The  critical  coupling  can  be 
estimated  as  the  value  of  a  at  which  LF-tt  which  gives 


0^=129.  This  is  to  be  compared  with  the  critical  coupling 
for  the  destruction  of  chiral  order  in  Table  I,  ac=1.16.  This 
clearly  indicates  the  transitions  are  well  separated  and  thus 
one  expects  they  are  decoupled.  We  have  also  performed  less 
detailed  calculations  at  other  values  of  the  ratio  EJEy  from 
which  we  can  estimate  that  the  Ising  and  XY  transitions 
merge  into  a  single  transition  roughly  at  EJEy~'l.  Since,  the 
superconductor  to  insulator  transition  is  to  be  identified  with 
the  loss  of  phase  coherence^  we  reach  the  interesting  result 
that  in  the  ID  FQXY,  or  alternatively,  a  Josephson-junction 
ladder,  the  universality  class  of  the  superconductor-insulator 
transition  depends  on  the  ratio  between  inter-  and  intrachain 
couplings. 
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Critical  state-type  models  of  superconducting  hysteresis  are  based  on  analytical  study  of  penetration 
of  electromagnetic  fields  into  hard  superconductors.  This  study  has  been  carried  out  under  the 
assumption,  of  ideal  (sharp)  resistive  transition.  In  the  paper,  the  attempt  is  made  to  study  the 
penetration  of  electroniagnetic  fields  into  hard  superconductors  for  gradual  resistive  transitions 
described  by  the  “power  law.”  This  requires  the  solution  of  nonlinear  partial  differential  equations. 
It  is  shown  that  the  exact  analytical  solution  can  be  found  in  the  case  of  circular  polarization  of 
electromagnetic  fields  due  to  the  high  degree  of  symmetry  of  the  posed  problem.  Ij  the  limiting  case 
of  sharp  transition,  the  obtained  solutions  are  reduced  to  the  solution  prev^>usly  asserted  by  Bean. 


Models  of  superconducting  hysteresis  are  based  on  ana¬ 
lytical  study  of  penetration  of  electromagnetic  fields  into 
hard  superconductors.  In  critical  state-type  models,*"^  this 
study  has  been  carried  out  under  the  assumption  of  ideal 
(sharp)  resistive  transition.  However,  actual  resistive  transi¬ 
tions  are  gradual  and  they  are  usually  described  by  the  fol¬ 
lowing  “power  law” 

E={jlkY,  (n>l),  (1) 

where  E  is  an  electric  field,  j  is  a  cunent  density,  and  k  is  the 
parameter  which  coordinates  the  dimensions  of  both  sides  of 
Eq.  (1). 

The  exponent  “n”  is  a  measure  of  the  sharpness  of  the 
resistive  transition  and  it  may  vary  in  the  range  4-1000.  At 
first,  the  power  law  was  regarded  only  as  a  reasonable  em¬ 
pirical  description  of  the  resistive  transition.  However,  re¬ 
cently  there  has  been  a  considerable  research  effort  focused 
on  the  theoretical  justification  of  power  lav.’  (1).  As  a  result, 
models  based  on  flux  creep,'*  Josephson-junction  coup'hg 
between  grains,^  sausaging,”  and  spatial  distribution  of  criti¬ 
cal  current^  have  been  proposed.  In  the  paper,  power  law  (1) 
is  used  as  a  constitutive  equation  for  superconductors.  By 
using  this  equation,  the  penetration  of  electromagnetic  fields 
into  superconductors  with  gradual  resistive  transition  is  ana¬ 
lytically  investigated.  This  investigation  requires  the  solution 
of  nonlinear  partial  differential  equations  of  parabolic  type.  It 
is  shown  below  that  the  exact  analytical  solutions  can  be 
found  in  the  case  of  circular  polarizatk  n  of  electromagnetic 
fields  due  to  the  high  degree  of  symn.etry  of  the  problem 
under  consideration.  In  the  limiting  c.ise  of  sharp  (ideal) 
transition,  these  solutions  are  reduced  to  those  previously 
asserted  by  Bean.*  The  discussion  presented  below  closely 
parallels  the  analytical  technique  developed  for  the  calcula¬ 
tion  of  eddy  currents  in  magnetically  nonlinear  media.^ 

To  start  the  discussion,  consider  a  plane  circularly  polar¬ 
ized  electromagnetic  wave  penetrating  superconducting  half¬ 
space  z>0  (see  Fig.  1).  This  implies  the  following  boundary 
conditions: 

ExiO,t)=E„  cos((i}t+(p),  Ey{0,t)=E„  sin{(ot+<p),  (2) 

E,{^,t)=Eyico,t)^0.  (3) 


The  distribution  of  electric  field  E  in  half-space  z>0  is  gov¬ 
erned  by  the  equations 


^=Mo^[a(V£^)£,], 

(4) 

(5) 

where  according  to  (1) 

t7(VE^+£j)  =  (r(£)  =  /t£‘/'’-'. 

(6) 

We  next  prove  that  the  electromagnetic  field  is  circularly 
polarized  everywhere  in  the  superconducting  half  space.  In- 

deed,  by  assuming  that  the  solution  of  the  boundary  value 
problem  (2)-(5)  is  in  the  form 

Ex{z,t)=E(z)cos[(ot+ 6(z)],  (7) 

£^(z,f)=£(z)sin[wr-t- 0(z)],  (8) 

and  by  introducing  the  phasors 

gr,(z)=£(z)e''’W,  ^,(z)  =  -i£(z)e"’W,  (9) 


FIG.  1.  Superconducting  half-space. 

©  1994  American  Institute  of  Physics  6963 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021-8979/94/75(1 0)/l-963/3/$6.00 


1 


we  can  exactly  transform  the  above  boundary  value  problem 
into  two  decoupled  and  mathematically  identical  boundary 
value  problems  for  ordinary  dilSerential  ei^uations  with  re¬ 
spect  to  phasors  ^(z)  and  ^(z): 


d^^xiz) 

■  =l<"/ioO-(l^(2)|)^(z), 

(10) 

r,(«.)=o. 

(11) 

d^^yiz) 

=i(0,lo{\&’y{z)\)&‘y{z). 

(12) 

&y{o)=-i^„,  &;m=o. 

(13) 

where 

The  above  exact  transformation  is  possible  because  in 
the  case  of  the  circularly  polarized  electromagnetic  fields 
E  =  yjEl+Ey  and  (/(E)  =  a(yjEl+Ey)  do  not  change 
with  time.  Such  an  exact  transformation  can  be  construed  as 
a  mathematical  proof  that  the  circular  polarization  is  pre¬ 
served  everywhere  within  the  superconducting  medium.  As  a 
result,  there  are  no  higher  order  harmonics  of  the  electromag¬ 
netic  field  anywhere  within  the  medium  despite  its  nonlinear 
properties.  This  fact  can  be  easily  understood  on  the  physical 
grounds  if  we  take  into  account  the  circular  symmetry  of  the 
posed  problem. 

From  (6)  and  (9)  we  derive 

^  IM-l 

<rmz)\)  =  (Tmz)\)=<r„-^ 


where  ar„=kE]l''~^  is  the  value  of  cr  on  the  boundary.  By 
using  (14)  in  (10),  we  find 

— jp—  =ie))»0<r.  g,iz).  (15) 

We  shall  employ  the  following  trick  to  solve  Eq.  (15).  Con¬ 
sider  the  equation 

=/w/xo<T„|l-— I  ^^(z),  (16) 

where  Zq  is  a  parameter  which  will  be  chosen  later  in  such  a 
way  that  the  solution  of  Eq.  (16)  will  also  be  the  solution  of 
Eq.  (15).  The  solution  of  1^.  (16)  which  satisfies  the  boimd- 
ary  conditions  (11)  is  given  by 


TO  =  ^^l--j  ,  (17) 

where  a=a'+ia"  is  a  root  of  the  characteristic  equation 
a(a-l)  =  iw/iocr„Zo.  (18) 

From  (17)  we  find 


This  leads  to 
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Now,  it  is  evident  that  the  solution  (17)  to  Eq.  (16)  will  be 
also  the  solution  to  Eq.  (15),  if 


Next,  we  represent  characteristic  Eq.  (18)  as  two  equations 
(for  real  and  imaginary  parts,  respectively) 

a'(a'-l)-(a")2=0  (22) 

a"(2flf '  - 1 ) = (oiio<r„zl.  (23) 

By  substituting  (21)  into  (22),  we  find 

yj2n{n+l) 

(24) 

which  then,  according  to  (23),  leads  to 

V2n(n  +  1)(3H  +  1)^' 

“  («-l)  ■ 

Formulas  (17),  (21),  (24),  and  (25)  completely  define  the 
solution  of  the  boundary  value  problem  (10),  (11).  The  solu¬ 
tion  of  the  boundary  value  proMem  (12),  (13)  has  a  similar 
form; 


ar,(z)=-i^^i-- 

By  using  equations 


d&’,  d^y 

from  (17)  and  (26)  we  derive 


.^,(z)  =  .^Jl-- 

\  ^0 


(DflQZo 


mz)  =  M\-- 


Since  Zg  depends  on  ar„  [see  Eq.  (25)]  and 
expression  (29)  can  be  construed  as  nonlinear  impedance 
boundary  condition  for  circularly  polarized  waves.  This  non¬ 
linear  relationship  can  also  be  used  to  determine  when 
is  given.  For  this  reason,  we  can  always  choose  such 
that  is  real.  Then  from  (28),  (21),  and  (24)  we 

derive 


Hn  1- 


(n  +  l)/(»i-l) 


\l2n(n  +  l)  /  z  \ 

cos  ci)t+ - - — In  1 - , 

«-l  \  2o/] 

(30) 
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Hy{Z,t) 


1 

f 

(B+1)'(B-1) 

11 

1 — 

1  ^0/ 

1  sin 

<at+ 


V2n(n+1)  / 

„'-i  M 


(31) 

Next,  we  shall  show  that,  in  the  limiting  case  of  sharp  tran¬ 
sition  («=“),  the  above  expressions  are  reduced  to  those 
which  were  asserted  (rather  than  derived)  by  Bean.®  To  this 
end,  from  (29)  we  find  the  following  expression  for  the  peak 
value  /o  of  superconducting  current  on  the  boundary  2=0: 


(afioa-„Zo  ^ 
Jo—r^ho. 


By  substituting  (25)  into  (32),  we  obtain 
kl(«-l)  jo 


''V2n(3«  +  l)^(«  +  l)//o' 


(32) 


(33) 


By  substituting  (33)  back  into  (25),  we  arrive  at  the  expres¬ 
sion 

_(3H-rl)V2w(;t-H)  Hq 
(«-l)^jaj  jo  ' 

It  is  well  known  that 


(34) 


(35) 


is  the  field-dependent  penetration  depth  is  the  case  of  ideal 
resistive  transition  and  linearly  polarized  electromagnetic 
field.  It  is  also  clear  that 


(3n+l)V2n(«+l)  r-  ,  ,  r- 
lim - - =3\^,  lim|a;|  =  >/6.  (36) 

Bt®  nT“ 


From  (34),  (35),  and  (36),  we  find 

lim  ,  Zn=yj3S. 

Bt»  ”  ’ 


(37) 


By  using  (37),  we  find  that,  in  the  limiting  case  of  «-><», 
expressions  (30)  and  (31)  can  be  written  as  follows: 


/  z  ' 

"VlTsl 

cos 

/,  "  ' 

sin 

o)t+  \/2  In  1  - 


0)t+  yjl  Inj  1 


'Ws 


1^, 


(38) 


(39) 


The  last  expressions  are  identical  to  those  published  in 
Ref.  8. 
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Magnetic  shielding  from  alternating  magnetic  field  by  NbTi/Nb/Cu 
superconducting  multilayer  composite  cylinder 

Hiroaki  Otsuka  and  Ikuo  Itoh 

Advanced  Materials  &  Technology  Research  Laboratories,  Nippon  Steel  Corporation,  1618  Ida,  Nakahara- 
ku,  Kawasaki  211,  Japan 

Magnetic  shielding  from  alternating  magnetic  field  by  a  NbTi/Nb/Cu  superconducting  multilayer 
composite  cylinder  was  investigated  at  liquid-helium  temperatures.  The  specimen  employed  in  this 
study  was  a  slender  seamless  cylinder  about  15  mm  in  diameter  and  having  an  aspect  ratio  of  6.  The 
frequency  of  the  alternating  magnetic  field  was  in  the  range  of  40-500  Hz,  and  the  maximum 
amplitude  was  1000  G  rms  u  40  and  50  Hz  owing  to  the  capacity  of  the  ac  generator.  The  magnetic 
shielding  efficiency  of  th  -  cylinder,  defined  as  the  ratio  of  the  magnetic  field  strength  with  and 
without  the  cylinder,  was  found  to  be  of  the  order  of  10”“*.  It  was  also  found  that  the  magnetic 
shielding  effect  depends  upon  the  frequency  investigated  in  this  study.  These  shielding  effects  were 
mainly  due  to  the  shielding  current  originating  from  the  superconductivity,  which  turned  out  to  give 
superior  shielding  effect  than  that  of  a  Cu  cylinder. 


I.  INTRODUCTION 

In  our  previous  paper,*  we  reported  that  dc  magnetic 
field  as  strong  as  3  T  can  be  effectively  shielded  by  a  Nbli/ 
Nb/Cu  superconducting  multilayer  composite  cylinder.  This 
shielding  material  has  an  advantage  of  shielding  higher  mag¬ 
netic  field  and  having  a  lower  ac  loss  because  of  its  cryo¬ 
genic  stabilization  due  to  its  multilayer  structure  in  compari¬ 
son  with  the  conventional  one  made  of  only  superconductor. 

In  this  paper,  we  report  the  ac  magnetic  shielding  prop¬ 
erties  of  this  multilayer  composite  cylinder,  since  the  ac 
component  of  the  applied  magnetic  field  plays  an  important 
role  in  real  applications  such  as  magnetic  levitation  (Ma- 
glev).  Many  investigators  reported  the  ac  shielding  of  only 
weak  magnetic  field  mainly  for  superconducting  quantum 
interference  device  (SQUID),  system.^’^  However,  only  a 
few  reports  are  available  for  strong  ac  magnetic  field 
shielding.**  In  a  Maglev  system  it  is  essential  to  protect  the 
superconducting  coil  from  the  ac  magnetic  field  originating 
from  the  propulsion  coil.  The  strength  of  this  magnetic  field 
is  about  several  hundred  gauss  and  the  frequency  is  in  the 
range  of  50-400  Hz.  Taking  this  application  into  consider¬ 
ation,  we  investigated  the  basic  ac  magnetic  shielding  prop¬ 
erty  using  our  superconducting  multilayer  composite  cylin¬ 
der. 

II.  EXPERIMENT 

The  NbTi/Nb/Cu  superconducting  multilayer  composite 
cylinder  was  fabricated  by  the  following  processes.  First,  30 
NbTi  sheets  and  29  Cu  sheets  were  alternately  stacked  and 
were  interleaved  with  Nb  sheets  in  a  box  made  of  Cu,  and 
the  box  was  sealed  by  electron  beam  welding  in  a  vacuum. 
Next,  the  box  was  hot  rolled  and  subsequently  cold  rolled  to 
a  sheet  of  1  mm  in  thickness.  The  Nb  layers  prevent  the 
generation  of  an  intermetallic  compound  comprising  Cu  and 
Ti  while  the  box  is  hot  rolled.^  This  intermetallic  compound 
has  an  influence  on  workability  of  cold  rolling.  Welding  can¬ 
not  be  used  for  fabricating  the  cylinder  since  the  weld  would 
impair  the  shielding  properties  of  the  cylinder.  In  order  to 
overcome  the  above  difficulty,  a  deep-drawing  process  and  a 


spinning  process  were  employed  in  this  study,  and  a  seamless 
slender  cylinder  was  successfully  fabricated  as  shown  in  Fig. 
1.  The  cylinder  was  15.3  mm  in  inside  diameter,  90.0  mni  in 
length,  and  0.5  mm  in  wall  thickness.  The  magnetic  shielding 
property  of  Cu  (purity  was  99.9%)  cylinder  manufactured  by 
the  same  method  was  also  measured  as  a  reference  and  was 
compared  with  that  of  NbTi/Nb/Cu. 

The  solenoid  coil  to  generate  ac  magnetic  field  was 
made  of  an  NbTi  multiple  wire,  and  was  25.0  mm  in  average 
diameter  and  72.0  mm  in  length.  The  above  coil  was  wound 
on  to  a  fiber  reinforced  plastic  cylinder,  which  also  served  as 
a  sample  holder.  The  experimental  arrangement  is  shown  in 
Fig.  2.  The  cross  marks  indicate  the  positions  of  the  mag¬ 
netic  field  measured  by  the  search  coil,  and  0,  ±13,  ±23, 
±31,  and  ±39  mm  distances  from  the  axial  center  of  the 
cylinder,  respectively.  The  number  of  turns  of  wire  for  the 
solenoid  coil  was  484  and  that  of  the  search  coil  was  94.  The 
source  of  magnet  current  was  an  ac  voltage  and  current  stan¬ 
dard  (YEW,  type  2558).  A  digital  multimeter  (Takeda  Riken 
TR6861)  was  used  to  measure  the  voltage  ^..lerated  by  the 


FIG.  1.  The  NbTi/Nb/Cu  cylinder  and  cup  fabricated  by  a  deep-drawing  and 
a  spinning  method.  They  are  0.5  mm  in  thickness,  15.3  mm  in  inside  diam¬ 
eter,  and  90.0  mm  in  length. 
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FIG.  2.  Sample  holder  and  solenoid  coil  generating  ac  magnetic  field.  The 
cross  marks  arc  the  points  of  measurement. 


search  coil.  The  maximum  amplitudes  and  frequencies  of  the 
applied  ac  magnetic  field  were  1000  G  rms  at  40  and  50  Hz, 
600  G  rms  at  100  Hz,  200  G  rms  at  300  Hz,  and  150  G  rms 
at  500  Hz.  The  maximum  amplitude,  which  depends  upon 
the  frequency,  is  limited  due  to  the  capacity  of  the  ac  gen¬ 
erator  used  in  this  study.  The  precision  of  the  voltage  mea¬ 
surement  was  ±0.001  mV,  which  is  accurate  enough  for  this 
study  and  the  contribution  from  the  thermal  noise  could  be 
completely  ignored.® 

III.  RESULT  AND  DISCUSSION 

A.  Structure  of  the  stacked  layers 

Figure  3  shows  the  cross  section  of  the  middle  part  of 
the  cylinder  in  the  length  direction.  Cu  layers  can  be  seen  as 
white  and  NbTi  layers  as  black.  The  thickness  of  both  layers 
is  about  5  mm.  Nb  layers  cannot  be  seen  in  this  figure  as  the 
thickness  is  so  thin.  From  this  figure  it  can  be  seen  that  both 
layers  are  almost  straight,  indicating  that  the  process  of 
working  was  successful. 


FIG.  .3.  Cross  section  of  middle  part  of  NbTi/Nb/Cu  cylinder  in  length 
direction. 


FIG.  4.  Shielding  properties  of  NbTi/Nb/Cu  cylinder,  Cu  cylinder,  and  with¬ 
out  shielding. 


B.  Measurement  of  magnetic  field  by  the  search  coll 

First,  the  ac  magnetic  field  without  shielding  cylinders 
was  measured  at  liquid-helium  temperature  (4.2  K)  by  the 
search  coil.  The  inner  magnetic  field  was  estimated  by  the 
voltage  of  the  search  coil  according  to  Faraday’s  law  of  in¬ 
duction.  In  the  range  of  frequency  from  40  to  500  Hz,  an 
agreement  within  1%  was  obtained  between  the  calculated 
values  and  the  measured  ones. 

C.  Basic  property 

The  shielding  property  of  the  NbTi/Nb/Cu  cylinder  90 
mm  in  length  at  its  axial  center  is  shown  in  Fig.  4.  The  inner 
magnetic  fields  of  the  cylinder  are  plotted  as  a  function  of  the 
applied  magnetic  fields  in  this  figure.  They  are  also  plotted  in 
the  cases  with  shielding  cylinder  and  with  Cu  one.  The  lines 
through  the  Cu  data  v'ere  fitted  by  the  method  of  the  least 
squares.  It  is  known  that  Cu  shows  a  shielding  effect  against 
ac  magnetic  field  due  to  an  eddy  current.  However,  from  Fig. 
4  it  was  observed  that  the  Cu  cylinder  shows  only  8%  reduc¬ 
tion  at  100  Hz  and  50%  at  500  Hz.  From  these  shielding 
effects  of  Cu,  it  can  be  said  that  the  Cu  cylinder  cannot  be 
used  at  the  relatively  low-frequency  range  such  as  considered 
in  this  study. 

The  inner  magnetic  field  was  carefully  checked  to  evalu¬ 
ate  the  precise  shielding  efficiency.  In  Fig.  5,  the  scale  of  the 
inner  field  is  more  magnified  than  that  in  Fig.  4.  It  can  be 
clearly  seen  that  the  inner  field  is  less  than  0.1  G  until  the 
applied  field  reaches  about  1000  G  rms.  The  inner  field  in¬ 
creases  with  increasing  applied  field.  There  is  a  frequency 
dependence  of  the  alternating  magnetic  shielding.  The  inner 
magnetic  fiek'  increases  with  applied  field  more  steeply  at 
higher  frequencies.  According  to  Thomasson  and  Ginsberg’ 
the  increase  of  inner  magnetic  field  accompanying  the  in¬ 
crease  of  the  applied  uniform  dc  magnetic  field  takes  place 
because  of  the  leakage  of  field  from  both  open  ends  of  the 
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FIG.  5.  Inner  magnetic  field  at  center  of  NbTi/Nb/Cu  cylinder.  Straight  line 
is  expressed  by  Thomasson’s  theory. 


type  1  superconducting  cylinder.  The  ratio  of  the  inner  mag¬ 
netic  field  Bjn  to  the  outer  one  B„  at  the  center  of  a  cylinder 
is  expressed  by  the  following  equation: 

(1) 

L  is  the  length  of  cylinder  and  D  is  the  diameter  in  this 
equation.  Supposing  the  alternating  magnetic  field  is  uniform 
and  parallel  to  the  cylinder  axis  at  the  center  of  the  shielding 
cylinder,  this  theory  can  be  applied  to  the  alternating  mag¬ 
netic  field  measurement.  The  inner  magnetic  fields  are  calcu¬ 
lated  based  on  this  theory,  and  shown  in  Fig.  5  as  straight 
line  since  the  aspect  ratio  of  the  cylinder  is  as  large  as  6. 
From  Fig.  5  it  can  be  seen  that  the  measured  leakage  of  the 
external  magnetic  field  cannot  be  explained  only  by  the  leak¬ 
age  from  the  open  ends.  There  must  be  some  reason  for  the 
larger  leakage  than  the  theoretical  estimatioi!.  One  of  the 
reasons  is  that  magnetic  flux  lines  go  through  the  portion  of 
the  cylinder  since  this  material  is  type  2  superconductor.  The 
other  possibility  is  that  the  magnetic  field  penetrates  into  the 
cylinder  from  a  position  somewhere  on  it.  In  order  to  clarify 
the  above  issue,  the  following  experiments  were  carried  out. 

D.  Influence  of  position  In  the  cylinder  on  shielding 
effect 

Shielding  effect  (SE)  is  defined  here  as  follows: 

SE=V',/Vo.  (2) 

The  voltage  of  the  search  coil  without  shielding  cylinder  is 
expressed  as  Vq  and  that  with  shielding  cylinder  as  V, .  Fig¬ 
ure  6  shows  the  SEs  at  positions  where  the  distances  from 
the  axial  center  of  the  cylinder  are  0,  ±13,  ±23,  ±31,  ±39 
mm.  The  SEs  shown  in  Fig.  6  are  of  maximum  ac  external 
magnetic  field  at  each  frequency.  From  the  figure,  the  SEs 
around  the  positions  a  quarter  of  the  length  of  the  cylinder 
are  a  little  inferior  to  those  at  the  center  and  the  ends.  The 
reason  for  this  is  considered  that  the  magnetic  field  pen¬ 
etrates  into  the  cylinder  bore  from  those  positions.  We  are 
going  to  investigate  the  relation  between  the  internal  struc- 
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FIG.  6.  Difference  of  shielding  effect  (SE)  due  to  position  in  NbTVNb/Cu 
cylinder. 


ture  and  SE  after  this  study.  Although  the  SE  at  each  position 
is  various  in  detail,  it  can  be  said  that  the  shielding  effect  is 
good  enough  to  shield  from  ac  magnetic  field  of  the  order  of 
several  hundred  gauss  since  all  SEs  are  in  the  order  of  10”'*. 

IV.  CONCLUSION 

The  slender  cylinder  with  an  aspect  ratio  of  6  can  be 
manufactured  by  a  deep-drawing  and  a  spinning  method 
from  NbTi/Nb/Cu  sheet  of  multilayer  structure.  Although 
there  are  slight  variations  in  shielding  effect  at  several  posi¬ 
tions  in  the  cylinder,  they  are  all  of  the  order  of  10”'*  in  the 
range  of  frequency  from  40  to  500  Hz  when  the  applied  field 
is  less  than  1000  G  rms.  These  shielding  effects  are  superior 
to  those  of  the  Cu  cylinder.  There  is  a  frequency  dependence 
of  alternating  magnetic  shielding.  The  magnetic  field  inside 
the  superconducting  cylinder  increases  more  steeply  with  ap¬ 
plied  magnetic  field  at  higher  frequencies.  In  this  study,  we 
investigated  the  shielding  effect  of  our  material  in  the  extent 
of  magnitude  of  magnetic  field  and  frequency  demanded  in 
the  shielding  of  external  alternating  magnetic  field  of  Maglev 
system.  However,  there  remain  some  interesting  points,  for 
example,  frequency  dependence  of  the  limit  of  magnetic 
shielding  and  the  influence  of  the  addition  of  dc  magnetic 
field  to  ac  magnetic  field.  We  will  study  these  points  from 
now  on. 
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A  method  of  increasing  magnetic  energy  of  superconducting  magnetic 
energy  storage 
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Nagoya  University,  Chikusa  ku,  Nagoya  464-01,  Japan 

A  solenoidal-type  superconducting  magnetic  energy  storage  (SMES)  using  ferromagnetic  material 
as  an  exterior  magnetic  circuit  can  store  about  30%  more  magnetic  energy  than  that  using  no 
ferromagnetic  material.  The  amount  of  pure  iron  needed  is  3.4  ton/MJ  or  12  000  ton/MWH  for  the 
operating  magnetic  flux  density  of  the  solenoid  between  4  and  5  T.  Low  grade  ferromagnetic 
material  containing  more  than  50%  pure  iron  may  be  available  for  the  SMES. 


I.  INTRODUCTION 

The  operating  magnetic  flux  density  of  a  solenoidal-type 
superconducting  magnetic  energy  storage  (SMES)  will  be 
greater  than  4  T,  and  consequently  the  use  of  ferromagnetic 
material  as  the  core  of  the  magnetic  circuit  of  the  SMES  is 
meaningless  since  its  saturation  magnetic  flux  density  is  be¬ 
low  2  T.  However,  the  SMES  using  ferromagnetic  material 
as  an  external  magnetic  circuit  as  shown  in  Fig.  1  will  in¬ 
crease  stored  magnetic  energy. 

In  this  paper,  the  energy  amplification  by  using  ferro¬ 
magnetic  material  is  studied  theoretically  and  by  the  com¬ 
puter  simulation  for  various  permeabilities  and  shapes  of  fer¬ 
romagnetic  material.  A  design  example  of  the  SMES  using 
ferromagnetic  material  is  presented. 


II.  SMES  USING  NO  FERROMAGNETIC  MATERIAL 


The  stored  magnetic  energy  of  a  single  layer  solenoidal- 
type  SMES  is  expressed  as  * 

E=LI^I2,  (1) 

where  L  and  I  are  the  inductance  and  the  superconducting 
cunent  of  the  solenoid,  respectively.  The  inductance  L  is 
written  as 


L=F{a/h)fioTTa^N^lh,  (2) 

where  a  and  h  are  the  radius  and  the  height  of  the  solenoid, 
respectively,  /<o  is  the  permeability  of  free  space,  N  is  the 
number  of  the  windings  of  the  solenoid,  and  F(a/h)  is  Na- 
gaoka’s  coefficient^  and  is  written  as 


F{a/h)  = 


—  1. 
37r  k' 


[K{k)-E{k)]+E{k)-k  , 


(3) 


where  k=4(a/h)^/[4(a/h)^+l],  k'=  yjl-k'^,  and  K  and 
E  are  the  complete  elliptic  integral  of  the  first  kind  and  the 
second  kind,  respectively. 

Under  the  constraint  that  the  ampere-tura  per  unit  height 
and  the  total  length  of  the  superconducting  wire  are  constant: 


NI/h  =  Ci  and  2Trah  =  C2  (v 

(ci  and  C2  are  cons*ants),  the  stored  magnetic  energy  for  a 
thin  layer  solenoid  is  written  from  (1),  (2),  and  (4)  as 

E=c-iF{2Tta^lc2)a  (c3=/Uocfc2/4).  (5) 


Equation  (5)  has  a  maximum  at  a//i==  1.  [Note  that  Fix)  is  a 
decreasing  function  of  x.]  Therefore,  the  optimum  solenoid 
has  the  radius  which  is  nearly  equal  to  the  height. 


III.  SMES  USING  FERROMAGNETIC  MATERIAL 


First,  we  consider  the  case  that  ferromagnetic  r..aterial 
fills  the  unbounded  region:  r5=a,  -oo<z<  +  oo.  For  this 
case,  an  analytical  solution  is  obtained  by  using  the  Fourier 
transform  method^  and  the  inductance  is  given  as,^ 

‘^Jo  l/,(a>)  (to) 


sin^[a)/(2fl//j)] 

X - ’! - dco. 


(6) 


where  c  =  4fioa^N^lh,  jx  is  the  permeability  of  ferromag¬ 
netic  material,  and  I„  and  K„  are  the  «th-order  modified 
Bessel  function  of  the  first  kind  and  the  second  kind,  respec¬ 
tively. 


FIG.  1.  SMES  using  ferromagnetic  material  as  an  exterior  magnetic  circuit. 
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FIG.  Magnetic  lines  of  force  for  the  relative  permeability  of  1,  a/A=l 
and////i=3. 


FIG.  4.  Energy  storage  amplification  with  respect  to  alh  for  the  relative 
permeability  of  10  and  1000. 


From  Eq.  (6)  it  follows  thatI(/Li)/L(/i.o)=1.33  for  a=/i 
and  /i^lOOOfiQ,  where  i(/x)  and  Z,(/4o)  represent  the  in¬ 
ductance  of  the  solenoid  with  and  without  ferromagnetic  ma¬ 
terial,  respectively.  The  energy  storage  amplification  is, 
therefore,  greater  than  30%. 

Second,  we  consider  the  case  that  ferromagnetic  material 
fills  the  bounded  region:  a^r<^2a,  -HI2^z^HI2  (see 
Fig.  1).  We  assume  that  the  operating  magnetic  flux  density 
of  the  solenoid  is  between  4  and  5  T,  and  the  saturation 
magnetic  flux  density  of  ferromagnetic  material  is  between 
1.6  and  1.8  T.  From  Fig.  1  the  area  of  the  cross  section  of  the 
solenoid  is  ira^  and  that  of  the  ferromagnetic  material  is 
3ira^.  Consequently,  the  magnetic  flux  density  inside  the 
ferromagnetic  material  is  below  the  saturation  almost  every¬ 
where. 

The  magnetic  fields  in  the  solenoid  and  ferromagnetic 
material  are  calculated  by  using  the  boundary  integral  equa¬ 
tion  method.  The  boundary  integral  equation  in  terms  of  the 
magnetic  vector  potential  is  written  as^ 


FIG.  3.  Magnetic  lines  of  force  for  the  relative  permeability  of  1000, 
alh  =  l  diadHlh=3. 


1 


dn'  \47rlr-r'l 


dT' 


where  c  =  1 ,  r  in  the  domain;  =  1/2,  r  on  the  boundary,  jp  is 
the  exciting  current  density,  ft  is  free  space,  and  F  is  the 
boundary  (interface)  between  the  ferromagnetic  material  and 
free  space. 

The  computed  magnetic  lines  of  force  are  shown  in  Figs. 
2  and  3  for  the  relative  permeability  of  1  and  1000,  respec¬ 
tively  (for  fl  =  /i  and  //=3/i).  The  energy  storage  amplifica- 
tipn  with  respect  to  alh  is  shown  in  Fig.  4  for  the  relative 
permeability  of  10  and  1000.  The  energy  storage  amplifica¬ 
tion  with  respect  to  various  shapes  of  the  ferromagnetic  cyl¬ 
inder  is  shown  in  Fig.  5  for  the  relative  permeability  of  10. 

We  obtain  from  Fig.  5  that,  for  a/h  =  l  and  H/h  =  2, 

L(10yUo)/L(Mo)  =  l-28.  (8) 


FIG.  5.  Energy  s'orage  amplification  with  respect  to  various  shapes  of  the 
ferromagnetic  cylinder  witn  outer  diameter  4:/  and  a  relative  permeability 
of  10. 


6970  J.  Appl.  Phys.,  Vol.  75.  No.  10, 15  May  1994 


T.  Morisue  and  T.  Yajima 


TABLE  I.  Design  example  of  SMES.  using  feiromagnetic  material  as  an 
exterior  magnetic  circuit  (see  Fig.  1).  The  saturation  magnetic  flux  density 
of  pure  iron  is  assumed  to  be  1.7  T. 


Superconducting  solenoid; 
radius  0=0.4  m,  height  A =0.4  m, 
ampere-turn  per  meter=5X10*  A/m, 
magnetic  flux  density=4.2  T. 

Ferromagnetic  cylinder: 

inner  radius  0=0.4  m,  outer  radius  2o=0.8  m, 
height  H=2h=0.S  m,  volume=1.2  ra^ 
relative  permeability =10  (volume  concentration  of  iron=0.75), 
amount  of  iton=7.1  ton. 

Stored  magnetic  energy=2.1X10*  J. 

(energy  storage  amplification=1.28). 


According  to  the  Clausius-Mossotti  equations,^  the  perme¬ 
ability  is  related  to  the  polarizability  per  sphere  iron  particle 
as 

(/4-/io)/(/4+2/io)=4-n-np^/3,  (9) 

where  p  is  the  radius  of  the  sphere  iron  particle  and  n  is  the 
number  of  the  particles  in  a  unit  volume.  It  follows  from  Eq. 
(9)  that  the  relative  permeability  of  10  conesponds  to  the 
volume  concentration  of  75%  of  pure  iron.  (This  fact  agrees 
well  with  the  result  obtained  by  a  computer  simulation.) 

A  design  example  is  shown  in  Thble  I.  The  amount  of 


ferroniagnetic  material  is  exactly  proportional  to  stored  mag¬ 
netic  energy  under  the  constant  ampere-turn  per  meter  and 
the  constant  aspect  ratio  alh. 

ly.  CONCLUSIONS 

A  solenoidal-type  SMES  using  ferromagnetic  material  as 
an  exterior  magnetic  circuit  can  store  about  30%  more  mag¬ 
netic  energy  than  that  using  no  ferromagnetic  material.  The 
amount  of  pure  iron  needed  is  3.4  ton/MJ  or  12000  ton/ 
MWH  for  an  operating  magnetic  flux  density  between  4  and 
5  T.  Low  grade  feiromagnetic  material  containing  more  than 
50%  iron  may  be  available  for  SMES. 

A  SMES  using  ferromagnetic  material  wil  require  more 
space  than  a  conventional  SMES.  However,  this  drawback 
may  be  compensated  by  the  cost  performance. 

A  30%  increase  in  the  inductance  or  stored  energy  means 
a  30%  increase  in  the  operating  magnetic  flux  density  (for 
example,  from  4  to  5.2  T),  and  the  superconducting  wire  will 
be  loaded  heavier.  Such  an  increase  should  lead  to  progress 
in  SMES  technology. 

'H.  Nagaoka,  Scientific  papers  (Institute  of  Physical  and  Chemical  Re¬ 
search,  Tokyo);  Thble  No.  2,  69  (1927). 

^T.  Morisue,  IEEE  Ttans.  Magn.  MAG-28,  1324  (1992). 
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^T.  Morisue  and  M.  Fukumi,  IEEE  Trans.  Magn.  MAG-23,  3311  (1987). 
’P.  J.  W.  Debye,  Topics  in  Chemical  Physic'  (Elsevier,  Amsterdam,  New 
York,  1962),  p.  90. 
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Synthesis  of  high-temperature  superconducting  thin  fiims 
In  microwave  fl^ld 

Victor  I.  Kojuharoff 

Institute  of  Electronics,  Bulgarian  Academy  of  Sciences,  '72  Tsarigradsko  Shosse  Boulevard, 

Sofia. 1784,  Bulgaria  , 

The  most  widely  used  technique  to  obtain  high-temperature  superconducting  (HTSC)  thin  films  at 
present,  i.e.,  the  in  sift/  method,  has  the  disadvantage  of  heating  the  substrate  up  to  700-800  "C. 
This  paper  proposes  a  novel,  low-temperature  method  for  HTSC  synthesis  that  is  capable  of 
producing  new  types  of  multilayer  structures.  The  technique  is  based  on  the  use  of  microwave 
(MW)  field  to  treat  a  thin  film  deposited  on  a  single-crystal  substrate.  The  process  of  superconductor 
formation  depends  on  the  MW  power,  the  sample  volume,  and  the  dielectric  constant.  The  nature  of 
the  synthesis  in  MW  field  differs  significantly  from  the  ordinary  high-temperature  baking,  since  the 
solid-state  reaction  is  initiated  simultaneously  in  the  entire  volume  and  runs  at  a  relatively  high  rate. 
Aerosol  deposition  proved  to  be  the  most  suitable  technique,  especially  when  combined  with 
ultrasonic  aerosol  homogenization.  Scanning  electron  microscopy  observations  show  that  the  film 
surface  consists  of  comparatively  densely  ordered,  almost  round  grains  with  sizes  between  100  and 
130  nm.  X-ray  diffraction  analysis  clearly  demonstrates  that  no  admixtures  from  the  substrate  have 
penetrated  the  layer.  The  resistance  versus  temperature  characteristic  is  measured  by  four-probe 
technique  and  the  critical  current  densities  were  2X10*  and  0.8X10*  A/cm^  at  77  and  4.2  K, 
respectively. 


I.  INTRODUCTION 

The  most  promising  applications  of  high-temperature  su¬ 
perconducting  (HTSC)  structures  appear  to  be  in  hybrid  elec¬ 
tronic  circuits,  microwave  (MW)  linear  switches,  and  fre¬ 
quency  mixers  and  detectors.'"*  The  most  widely  used 
technique  at  present  is  the  in  situ  method,  allowing  a  sub¬ 
stantial  lowering  of  the  final  synthesis  temperature  without 
removing  the  sample  from  the  technological  equipment.  A 
disadvantage  of  this  technique  is  the  necessity  of  heating  the 
substrate  up  to  700-800  "C  during  the  film  deposition.  This 
temperature  is  sufficiently  high  to  make  the  in  situ  method 
almost  inapplicable  to  the  production  of  sandwich-type  struc¬ 
tures.  On  the  other  hand,  the  HTSC  film  structure  is  strongly 
influenced  by  the  changes  occuning  in  the  substrate,  such  as 
thermal  expansion,  polymorphic  transformations,  as  well  as 
other  heat-induced  phenomena.  A  typical  example  is 
LaA103,  which  is  characterized  by  low  thermal  expansion 
and  lattice  parameters  close  to  those  of  the  superconductor 
(the  difference  does  not  exceed  1.5%).  A  drawback  of  the 
LaA103  substrates  is  the  existence  of  various  temperature 
transitions  accompanied  by  lattice  parameter  changes.'*  In 
view  of  these  disadvantages  of  the  in  situ  technique,  a  novel 
low-temperature  method  for  HTSC  film  synthesis  is  pro¬ 
posed  in  the  present  paper  allowing  varieties  of  new 
multilayer  structures  to  be  obtained. 

II.  EXPERIMENT 

The  experimental  technique  is  based  on  the  use  of  MW 
field  for  treating  the  thin  film  deposited  on  a  single-crystal 
substrate.  A  necessary  condition  for  carrying  out  such  syn¬ 
thesis  is  to  have  a  substrate  material  with  suitable  dielectric 
loss.  For  instance,  LaA103,  SrTi03,  and  YSZ  substrates  have 
tan  ^10”“'  at  €'=»  15-20,  considerably  differing  from  those 
of  the  HTSC  film  formed  through  “cold”  deposition.  The 


process  of  superconductor  formation  is  proportional  to  the 
MW  field  power  W  and  the  function  /(p/ vt),  where  v  is  the 
thin-film  sample  volume,  ris  the  exposure  time,  and  p=^'le' 
is  the  dielectric  loss  tangent. 

The  nature  of  the  synthesis  in  MW  field  differs  signifi¬ 
cantly  from  the  ordinary  high-temperature  baking.  In  the 
former,  the  solid-state  reaction  of  superconducting  com¬ 
pound  formation  is  initiated  simultaneously  in  the  entire  vol¬ 
ume  and  runs  at  a  relatively  high  rate.  This  means  that  the 
kinetic  energy  of  the  effective  collision  between  the  mol¬ 
ecules  participating  in  the  oxides  exceeds  considerably  that 
of  the  ordinary  thermal  process.  Therefore  the  second  neces¬ 
sary  condition  for  obtaining  high-quality  HTSC  compounds 
is  high  degree  of  layer  homogeneity  ensuring  a  homoge¬ 
neous  medium  for  the  MW  field.  The  experiments  showed 
that  the  absence  of  such  medium  leads  to  local  overheating 
resulting  in  multiphase  structures.  Therefore,  the  formation 
of  HTSC  compounds  with  the  use  of  MW  field  is  volume 
limited,  i.e.,  depends  strongly  on  the  film  thickness.  The  ex¬ 
periments  performed  showed  satisfactory  results  with  thick¬ 
nesses  less  than  3  /um.  During  the  tests  we  used  different 
deposition  techniques:  screen  printing,*  paint  on,^  and  aero¬ 
sol  deposition^  of  salts  of  organic  and  inorganic  acids.  Aero¬ 
sol  deposition  proved  to  be  the  most  suitable  method,  espe¬ 
cially  when  ultrasonic  aerosol  homogenization  was  used.  The 
latter  made  it  possible  to  control  accurately  the  size  of  the 
aerosol  particles  and,  therefore,  determined  to  a  large  extent 
the  high  homogeneity  of  the  film  produced.  The  equipment  is 
shown  schematically  in  Fig.  1.  In  the  experiments  we  used 
(110)-  and  (OOl)-oriented  LaA103  substrates.  The  solution 
was  sprayed  through  a  0.04-/im-diam  nozzle;  10-15  ml  of 
solution  with  a  concentration  of  0.27  m  mol/ml  was  needed 
to  form  one  layer.  The  solution  was  made  up  of  oxalates  of 
Bi,  Sr,  Ca,  Cu,  Pb,  or  Sn  in  de.onized  water  in  a  ratio  corre¬ 
sponding  to  the  formula  Bi2Mco,5Sri.5CaCu308,  where  Me 
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FIG.  1.  The  experimental  equipment. 


lorb  units] 


=Pb  or  Sn.  The  films  thus  obtained  were  placed  in  a  drier  for 
30  min  at  a  temperature  of  60  “C.  After  drying,  the  samples 
were  placed  on  a  holder  made  of  aluminum  ceramics  in  a 
“Linn  High  Therm”  type  MW  furnace. 

In  order  to  establish  the  best  MW  film  treating  mode,  a 
series  of  experiments  was  carried  out  on  layers  with  thick¬ 
nesses  from  0.5  to  S  /tm  treated  for  different  exposure  times 
and  different  MW  field  powers.  In  general,  the  experiments 
showed  best  results  in  terms  of  and  film  morphology  for 
(a)  MW  field  power  0.6  kW,  (b)  exposure  time  15  min,  (c) 
frequency  2500  MHz,  and  (d)  oxygen  atmosphere  Pq-1.5 
atm. 

III.  RESULTS  AND  DISCUSSION 

The  investigation  of  the  structure  and  morphology  of  the 
HTSC  thin  films  (1  /zmXl  mm)  obtained  on  LaA103  sub¬ 
strates  were  carried  out  using  well-known  surface  analysis 
techniques.  The  scanning  electron  microscopy  (SEM)  obser¬ 
vation  showed  that  the  sample  surface  consisted  of  compara¬ 
tively  densely  ordered,  almost  round  grains  with  sizes  be¬ 
tween  100  and  130  nm.  These  films  were  dense  and  uniform, 
the  surface  was  not  mirror  like,  and  the  gaps  existing  be¬ 
tween  the  grains  were  smaller  than  the  grains  themselves 
(30-50  nm). 

X-ray  diffraction  analysis  was  used  to  identify  the  dif¬ 
ferent  crystal  phases  present  in  the  thin  film  (Fig.  2).  The 
diffraction  pattern  shown  corresponds  to  a  single-phase  su- 
perconauctor  Bi2Pbo.5Sri  5CaCu308+  with  r<.=85  K.  The 
diagram  clearly  demonstrates  that  no  admixtures  from  the 
substrate  have  penetrated  the  layer.  We  should  also  point  out 
that,  in  microscopic  volumes,  the  film  is  predominantly  ori¬ 
ented  along  the  “c”  axis  indicating  the  presence  of  a  tex¬ 
ture.  This  is  a  rather  unexpected  result,  bearing  in  mind  that 
the  substrate  is  not  heated  and  does  not  interact  with  the  film. 
Most  probably,  the  thermal  energy  released  during  the  syn¬ 
thesis  as  a  result  of  t  e  MW  field  interaction  with  the  film 
molecules  affects  the  s.ibstrate  surface  crystal  field  and  gives 
rise  to  certain  crystalline  orientation. 

A  standard  four-probe  technique  with  mechanically 
pressed  silver  contacts  was  used  to  obtain  the  R=f(T)  func¬ 
tion.  The  results  from  the  measurement  of  a 
Bi2Pbo5Sri  5CaCu308+  thin  film  are  shown  on  Fig.  3.  The 


FIG.  2.  The  data  from  the  x-ray  diffraction  analysis  of  the 
Bi2Pbo5Sr,3CaCu30g+  film. 

/?30o//?ioo  ratio  was  ~1.5.  The  critical  current  density  of  the 
film  studied  was  2X10^  A/cm^  measured  at  77  K,  while  at 
4.2  K  the  critical  current  density  was  0.8X10^  A/cm^. 

IV.  CONCLUSIONS 

This  work  demonstrates  the  possibility  of  using  a  MW 
field  in  the  synthesis  of  superconducting  materials.  This  tech¬ 
nique,  combined  with  the  “cold”  methods  of  HTSC  thin-film 
deposition,  makes  it  possible  to  produce  a  homogeneous 
single-phase  superconductors  characterized  by  high  accuracy 
of  the  dosage  of  participating  components.  The  time  needed 
for  the  superconductor  synthesis  is  significantly  shorter  than 
times  cited  in  the  literature. 

The  basic  advantage  of  the  MW  synthesis  is  the  absence 
of  substrate  heating.  The  film  is  not  contaminated  through 
diffusion  of  substrates  components,  the  substrate  is  not  sub¬ 
jected  to  any  morphological  transformations,  and  the  thermal 
expansion  is  close  to  zero.  The  choice  of  substrates  for 
HreC  films  growth  is  limited  only  by  the  dielectric  proper¬ 
ties  of  the  substrate. 

In  order  to  obtain  a  uniform,  dense,  and  single-phase 
film,  one  should  create  conditions  for  uniform  MW  field  dis- 


FIG.  3.  Results  from  the  measurement  of  the  resistance  of  the 
BijPbggSrigCaCujOg.,  film  as  a  function  of  temperature. 
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tribution  along  all  directions  in  the  sample,  i.e.,  the  film  de¬ 
posited  should  exhibit  uniform  impedance  and  density  over 
its  entire  volume.  Therefore,  the  medium  homogeneity  is  in 
practice  inversely  proportional  to  the  film  thickness. 

All  studies  performed  on  bulk  samples  (thickness 
mm)  showed  that  they  are  predominantly  multiphase  sys¬ 
tems,  although  some  of  them  exhibited  superconducting 
properties. 
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Estimation  of  fatigue  exposure  from  magnetic  coercivity 

Z.  J.  Chen,  D.  C.  Jiles,  and  J.  Kameda 

Ames  Laboratory  and  Center  for  NDE,  Iowa  State  University,  Ames,  Iowa  50011 

An  investigation  of  the  effects  of  fatigue  on  AS33B  steel  under  constant  load  amplitude  is  reported 
in  this  paper.  It  was  found  that  the  plastic  strain  of  the  sample  accumulated  logarithmically  with  the 
number  of  stress  cycles  after  initial  fatigue  softening.  Based  on  the  fact  that  plastic  strain  is  often 
linearly  related  to  the  coercivity  of  material,  at  least  for  small  changes  of  ,  a  phenomenological 
relationship  has  been  developed  and  tested  to  correlate  the  number  of  stress  cycles  to  this  magnetic 
parameter.  This  result  represents  the  first  successful  attempt  to  relate  the  fatigue  exposure  directly 
to  a  magnetic  parameter. 


I,  INTRODUCTION 

Metallic  fatigue  failure  is  a  very  difficult  and  serious 
problem  due  to  its  insidious  nature.  It  has  been  estimated  that 
fatigue  failure  is  the  primary  cause  of  at  least  90%  of  all 
service  failures  due  to  mechanical  causes.  Magnetic  nonde¬ 
structive  evaluation  techniques,  such  as  magnetic  hysteresis 
measurements  and  Barkhausen  effect  measurements  have 
been  ruoven  to  be  powerful  methods  of  detecting  changes  in 
mfechanical  properties.'’^  However,  due  to  the  fact  that  so 
many  external  factors  can  influence  the  magnetic  properties, 
quantitative  characterization  of  fatigue  damage  remains  a 
very  difficult  problem. 

In  this  pa^r,  a  phenomenological  relationship  relating 
coercivity  to  the  number  of  stress  cycles  has  been  developed 
through  the  study  of  the  results  of  fatigue  tests  under  con¬ 
stant  'oad  amplitude.  One  of  the  significant  results  of  this 
relationship  is  that,  for  the  first  time,  the  number  of  stress 
cycles  was  shown  to  be  related  directly  to  the  magnetic  pa¬ 
rameter  of  coercivity  and  therefore  the  measurement  of  co¬ 
ercivity  provides  a  way  to  estimate  fatigue  damage. 

It.  EXPERIMENTAL  PROCEDURE 

The  material  used  in  this  investigation  was  a  medium 
strength  structural  steel  alloy  (ASTM  code  A533B)  whose 
mechanical  properties  are  given  in  Table  I.  Fatigue  tests  were 
carried  out  on  smooth  tensile  specimens  with  constant  load 
amplitude,  using  a  computer  controlled,  10  kN,  servo- 
hydraulic  MTS  system.  Magnetic  hysteresis  parameters,  such 
as  coercivity,  remanence,  and  initial  permeability  were  mea¬ 
sured  by  the  Magnescope,  a  computer  controlled  magnetic 


TABLE  I.  Mechanical  properties  of  ASTM  A533B  steel. 


Young’s 

0.2%  Yield 

modulus 

stress 

UTS 

Hardness,  R), 

170  Gpa 

369  Mpa 

536  Mpa 

88.0 

inspection  system.^  These  measurements  were  made  at  pre¬ 
determined  intervals  throughout  the  fatigue  life  under  zero 
load. 

111.  TEST  RESULTS  AND  PREDICTIONS 

Fatigue  damage  is  a  progressive  effect,  during  which  the 
microstructures  of  material,  such  as  dislocation  density,  plas¬ 
ticity,  and  density  of  vacancy  undergo  continuous  change 
before  final  catastrophic  failure.  Under  cyclic  stress  at  con¬ 
stant  load  amplitude,  it  was  found  that  the  maximum  tensile 
and  compressive  strain  increased  continuously  throughout 
the  whole  fatigue  life,  after  the  initial  few  hundred  stress 
cycles  which  caused  fatigue  softening.  A  linear  relationship 
between  the  magnitude  of  the  strain  amplitude  and  number 
of  stress  cycles  was  observed  on  a  semilog  graph,  as  shown 
in  Figs.  1  and  2.  This  result  indicated  that  the  plastic  strain 
accumulated  logarithmically  with  the  number  of  stress 
cycles. 

Correlations  between  mechanical  properties  and  mag¬ 
netic  properties  have  been  studied  previously."*'^  it  was  found 
for  example  that  the  coercivity  //p  was  generally  linearly 


compressive  strain  -  tensile  strain 


FIG.  1.  Maximum  tensile  and  compressive  strain  as  a  function  of  number  of 
stress  cycles  at  a  fixed  stress  amplitude  of  272  MPa. 
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FIG.  2.  Maximum  tensile  strain  as  a  function  of  number  of  stress  cycles  at 
a  fixed  stress  amplKude  of  243  MPa. 


■  Hc-loca1  A  Hc*loca2  Br-local  o  Br-loca2 


FIG.  4.  Magnetic  properties  as  a  function  of  the  number  of  stress  cycles. 


related  to  the  plastic  strain  of  a  material,  and  this  relationship 
can  be  understood  theoretically  because  increased  plastic 
strain  results  in  a  linear  increase  in  dislocation  density,  which 
increases  the  pinning  term  k  in  the  theory  of  hysteresis*  If 
this  relation  also  holds  in  the  fatigue  process,  then  according 
to  the  experimental  discovery  of  the  logarithmic  relationship 
between  plastic  strain  and  number  of  stress  cycles,  the  same 
logarithmic  relation  between  coercivily  and  number  of  stress 
cycles  should  be  expected. 

From  Figs.  1  and  2,  the  strain  amplitude  and  the  number 
of  stress  cycles  ^  can  be  related  by  following  equation: 

€-€o=a  In(Ar).  (1) 

where  ^  is  the  intercept  along  the  strain  axis  and  a  is  the 
slope  of  the  line.  Assuming  the  linear  relationship  between 
the  coercivity  and  the  plastic  strain,  the  following  equation  is 
obtained; 


H,-H,o=b  HN),  (2) 

where  H^q  and  b  are  constants  under  the  specific  test  condi¬ 
tion.  Equation  (2)  can  also  be  expressed  as 

N=ci  expiCiHc),  (3) 

where  Cj  and  C2  are  determined  by  Hco  and  b. 

Magnetic  measurements  were  performed  under  the  same 
test  conditions.  Results  are  shown  in  Figs.  3  and  4.  A  linear 


No  of  fatigue  cycle 
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FIG.  3.  Magnetic  properties  as  a  function  of  the  number  of  stress  cycles. 


relation  between  coercivity  and  number  of  stress  cycles  is 
quite  apparent  on  the  semilog  graph  after  the  initial  few  hun¬ 
dred  cycles  of  fatigue  softening.  This  relation  matches  the 
prediction  described  by  Eq.  (2).  Similar  results  were  also 
found  on  the  fatigue  test  at  different  stress  amplitudes  in  the 
high  cycle  fatigue  regions  under  constant  stress  amplitude. 

IV.  DISCUSSION 

The  relationship  expressed  in  Eq.  (1)  was  determined 
from  the  fatigue  tests  under  load  control.  It  applies  to  high 
cycle  fatigue  on  A533B  material.  However,  the  generality  of 
this  relation  bebveen  the  accumulated  plastic  strain  and  the 
number  of  stress  cycles  should  be  tested  on  different  materi¬ 
als,  and  furthermore  the  dependence  of  the  parameters  on  the 
test  conditions  should  also  be  investigated. 

The  assumption  of  a  linear  relation  between  plastic  strain 
and  coercivity  through  the  theory  of  hysteresis  leads  from 
Eq.  (1)  to  Eq.  (2).  The  linear  relationship  between  plastic 
strain  and  coercivity  has  been  observed  previously  and  can 
be  explained  by  the  fact  that  plastic  strain  introduces  extra 
dislocations  which  pin  domain  walls  and  therefore  increase 
the  hysteresis  loss  parameter  k.  In  our  A533B  material,  fa¬ 
tigue  softening  was  observed  which  indicated  that  there  was 
a  decrease  in  dislocation  density.  However,  the  fatigue  in¬ 
duced  local  yielding  (and  therefore  residue  stress),  and  the 
resulting  extra  density  of  vacancies  acted  as  additional  wail 
pinning  sites.  The  overall  effect  of  fatigue  can  therefore  still 
increase  the  hysteresis  loss  parameter  k. 

The  parameters  Cj  and  C2  in  Eq.  (3)  can  be  experimen¬ 
tally  determined  by  three  measurements  o^"  {Nq,  Hc^), 
{Nq+^N,  Hc^,  {Nq+AN',  Hc^),  where  AN  and  AN'  are 
two  intervals  of  the  number  of  stress  cycles  between  succes¬ 
sive  measurement.  Nq  is  the  number  of  accumulated  stress 
cycles  when  the  first  measurement  is  taken.  Practically,  ^0  is 
also  an  unknown  number.  Although  Eq.  (3)  does  not  indicate 
the  final  value  of  fatigue  life,  it  does  show  how  to  estimate 
accumulated  fatigue  damage  by  measuring  coercivity.  If  the 
total  fatigue  life  can  be  predetermined  by  an  alternative 
method,  then  this  relationship  can  be  used  to  monitor  fatigue 
damage. 
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V.  CONCLUSIONS 

A  relationship  for  determining  the  number  of  stress 
cycles  under  constant  stress  amplitude  by  magnetic  measure¬ 
ment  of  the  coercivity  has  been  presented.  This  relationship 
is  based  on  experimental  evidence.  According  to  the  relation¬ 
ship,  the  number  of  stress  cycles  is  logarithmically  related  to 
the  coercivity  of  the  material.  Although  the  sensitivity  of  the 
result  so  far  is  not  completely  satisfactoty  for  practical  ap¬ 
plications  especially  during  tne  later  stages  of  fatigue  life, 
the  relationship  demonstrated  in  this  paper  gives  a  connec¬ 
tion  between  the  magnetic  propen.»s  and  fatigue  damage.  It 
therefore  provides  a  clue  for  fhrther  development  of  models 
for  validation  of  nondestructive  evaluation  techniques  for  fa¬ 
tigue  based  on  magnetic  property  measurements. 
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Overview  of  applications  of  micromagnetic  Barkhausen  emissions 
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In  this  concise  overview,  the  physical  principles  of  magnetic  Barkhausen  effect  will  be  briefly 
discussed  and  its  recent  applications  in  material  characterization  will  be  considered.  There  are  new 
trends  hi  micromagnetic  Barkhausen  effect  emissions  and  its  applications  in  the  material 
characterization  area.  These,  emissions  take  place  in  magnetic  materials  subjected  to  changing 
applied  magnetic  field,  and  can  be  used,  for  instance,  to  study  noninvasively  surface  characterization 
of  materials.  Since  these  emissions  are  quite  sensitive  to  changes  in  the  microstructure  and 
subsurface  stress  states  in  magnetic  materials,  various  applications  of  these  of  micromagnetic 
emissions  have  been  found  in  areas  such  as  nuclear,  aerospace,  and  automotive  technologies  which 
use  magnetic  materials. 


I.  INTRODUCTION 

The  Barkhausen  effect  is  now  being  widely  employed  as 
a  material  characterization  technique  for  magnetic  materials. 
The  micromagnetic  emissions  can  be  detected  as  voltage 
pulses  caused  by  discontinuous  changes  in  magnetization  in 
the  material,  and  are  the  result  of  spontaneous  motion  of 
domain  walls  or  rotation  of  magnetization  within  domains. 
Since  pinning  of  domain  walls  is  the  principal  cause  of  hys¬ 
teresis,  one  may  easily  comprehend  how  magnetic  materials 
which  show  hvsteresis  also  display  micromagnetic 
Barkhausen  emissions  as  the  external  magnetic  field  is  var¬ 
ied. 

A.  Importance  and  applicability  of  micromagnetic 
Barkhausen  emissions  in  material  characterization 

The  magnetization  process  in  magnetic  materials  has 
been  an  important  and  difficult  research  subject  for  many 
years  because  of  the  many  factors  contributing  to  the  pro¬ 
cess.  This  process,  which  can  be  described  on  both  macro¬ 
scopic  and  microscopic  scales,  can  be  analyzed  by  different 
techniques.  The  magnetic  hysteresis  loop.  Fig.  1,  is  mainly 
representative  of  averaged  macroscopic  dependence  of  mag¬ 
netization  M  on  field  H.  The  micromagnetic  Barkhausen  ef¬ 
fect,  Fig.  1,  is  indicative  of  microscopic  changes  in  magne¬ 
tization  on  the  domain  scale.  Magnetic  domains,  which  are 
the  regions  of  parallel  aligned  atomic  magnetic  moments, 
form  the  entire  volume  of  the  material.  The  boundary  be¬ 
tween  domains  is  not  a  sharply  defined  geometric  surface  but 
consists  of  an  intermediate  zone  with  a  continuous  variation 
of  the  spin  magnetic  moment  orientations  with  position.  This 
width  is  nearly  in  the  order  of  10^-10^  A. 

As  the  magnetization  is  increased  towards  saturation 
more  complicated  processes  play  a  role  such  as  movements 
of  90°  Bloch  walls,  the  nucleation  of  new  domain  walls,  the 
mutual  annihilation  of  pairs  of  walls,  and  disappearance  of 
walls  swept  to  the  surface  of  the  specimen.  When  the  mag¬ 
netization  reaches  saturation,  the  domain  structure  becomes 
simpler  because  the  material  becomes  a  single  domain.  If 
magnetization  is  increased  further,  change  in  magnetization 
occurs  essentially  through  the  rotation  of  the  magnetization 
vector  within  a  domain  against  the  internal  anisotropy  forces. 


The  mobility  of  the  Bloch  walls  is  related  to  the  total  mag¬ 
netostatic  energy  which  varies  with  the  size  and  shape  of 
specimen,  and  its  microstructure.  Irreversible  domain  wall 
motion  is  strongly  influenced  by  the  defect  structure  such  as 
voids,  second  phase  inclusions,  dislocations,  clusters  of  point 
imperfections,  and  also  stresses. 


B.  Applications  of  Barkhausen  effect  In  material 
characterization 

Polycrystalline  ferromagnetic  materials  such  as  steels  are 
the  most  crucial  of  industrial  commodities.  For  instance 
more  steel  is  produced  than  any  other  metal.  When  alloyed 
with  silicon  it  is  used  for  electronic  applications  such  as 
transformers,  inductors,  and  motors.  It  is  also  alloyed  with 
carbon  and  other  metals  for  use  as  a  constructional  material 
on  large-scale  projects  such  as  pipelines,  railroads,  and 
bridges.  It  is  desirable  to  inspect  these  structures  because  of 
the  likely  high  cost  of  failures  which  could  be  avoided 
through  appropriate  nondestructive  evaluation  methods.  The 
detection  of  corrosion  cracks  and  other  defects  and  the  evalu¬ 
ation  of  stresses,  elastic  and  plastic  deformation,  and  the 
likelihood  of  failure  due  to  creep  or  fatigue  are  all  important 


FIG.  1.  The  essential  parameters  of  a  BH  loop  with  steplike  Barkhausen 
discontinuities  along  the  hysteresis  curve  by  amplifying  the  magnetization. 
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reasons  for  developing  these  inspection  techniques.  Thus  the 
potential  catastrophic  failures  may  be  preventable  by  moni¬ 
toring  the  condition  of  structures. 

The  Barkhausen  effect  can  be  used  for  indirect  measure¬ 
ment  of  fundamental  properties  of  magnetic  materials,  such 
as  the  coercive  force  and  the  demagnetizing  field,  and  also 
for  determining  the  elastic  limit  in  ferromagnets.  In  the 
present  work,  applications  are  considered  in  two  different 
categories;  microstructure  and  stress  analysis. 

1.  Microstructure  analysis 

A  primary  concern  of  the  steel  industry  is  to  consistently 
produce  large  quantities  of  steel  with  well  controlled  and 
uniform  mechanical  or  electrical  properties.  If  calibration  is 
possible,  the  magnetic  Barkhausen  effect  can  be  used  for 
assessing  changes  in  these  properties  as  a  result  of  process¬ 
ing  and  service.*"^ 

The  mechanical  properties  of  steel  are  determined  by 
microstructural  parameters  such  as  the  concentration,  shape, 
chemical  composition,  and  dispersion  characteristics  of  pre¬ 
cipitates,  grain  boundaries,  dislocations,  point  defects  such 
as  interstitial  or  substitutional  impurities,  and  vacancies.  The 
dependence  of  the  mapetic  Barkhausen  effect  emissions  on 
distribution  of  grain  sizes  can  be  explained  since  polycrys- 
talline  iron  and  steel  consist  of  a  number  of  inhomogeneities 
and  pinning  points  such  as  cavities,  inclusions,  precipitates, 
dislocations,  and  other  lattice  defects  which  impede  the  mo¬ 
tion  of  domain  walls.^’’  In  electrical  steels,  the  most  signifi¬ 
cant  pinning  points  are  located  at  grain  boundaries.  In  elec¬ 
trical  steel  sheets  the  influence  of  grain  orientation  on  the 
texture  can  be  determined  using  the  magnetic  Barkhausen 
effect  measurements. 

Recent  work  has  indicated  that  this  technique  has  the 
potential  to  be  employed  in  noninvasive  monitoring  of 
neutron-irradiation-induced  changes  in  ferritic  alloys  in  order 
to  ensure  safe  operation  of  nuclear  reactor  pressure  vessels 
by  means  of  magnetic  inspection  techniques.®'*®  The  mag¬ 
netic  Barkhausen  effect  has  been  already  used  for  flaw  de¬ 
tection  in  steel  plates.**  By  generating  magnetic  Barkhausen 
emissions  at  different  frequencies  and  combining  them  with 
hysteresis  measurements,  the  determination  of  the  surface 
decarburization  in  steels  has  been  studied.*^  The  dependence 
of  Barkhausen  emissions  on  micromagnetic  hardness,  hard¬ 
ening  depth  for  production  of  critical  components  in  the  au¬ 
tomotive  industry,  has  been  also  investigated.*®  The  results 
showed  that  an  increase  in  hardness  resulted  in  a  decrease  in 
the  micromapetic  emissions. 

Another  important  application  for  the  mapetic 
Barkhausen  effect  is  fatigue  testing.  If  magnetic  parameters 
at  the  surface  are  measured,  information  on  the  fatigue  dam¬ 
age  can  be  predicted.  This  technique  to  detect  fatigue  dam¬ 
age  during  cyclic  loading  or  after  a  single  overloading  cycle 
has  been  reviewed.*'* 

In  advanced  mapetic  materials,  such  as  the  ternary  al¬ 
loy  Tbo.3Dyo.7Fe2,  Terfenol-D,  magnetic  Barkhausen  effeci 
measurements  have  been  carried  out  to  locate  the  onset  of 
discontinuous  rotation  of  domain  mapetizations  before*® 
and  after*®  applying  stress. 


Using  the  Barkhausen  effect  to  determine  the  easy  axis 
of  magnetization  in  steels*’  was  studied.  Since  there  are  sev¬ 
eral  factors  which  affect  the  mapetic  Barkhausen  emissions, 
the  mapetizing  parameters  to  generate  these  emissions  were 
also  investigated.*®  This  investigation  revealed  that  not  only 
the  choice  of  wave  form  and  frequency  of  mapetic  field 
excitation  to  generate  the  micromapetic  emissions  within 
material  but  also  the  choice  of  detecting  method  were  quite 
crucial.  Further,  the  new  analysis  techniques  of  these  emis¬ 
sions  were  discussed. 

2.  Stress  analysis 

As  is  well  known,  the  magnetization  of  ferromagnets  is 
influenced  by  stress  states  of  material  through  magnetostric¬ 
tion  because  plastic  deformation  gives  rise  to  regions  of  high 
dislocation  density  which  impede  domain  wall  motion. 

Elastic  stresses  also  affect  the  magnetic  Barkhausen  ef¬ 
fect  emissions  because  of  the  effect  of  elastic  deformation. 
This  deformation  in  material  leads  one  to  arrange  the  ener¬ 
getically  favorable  domain  configuration  due  to  magneto¬ 
elastic  energy  minimization  when  the  domain  magnetization 
aligns  with  respect  to  the  principal  axes  of  lattice  strain. 

The  stress  axis  in  a  polycrystalline  material  is  rarely 
along  one  of  the  crystallographic  axes  of  a  pain.  Therefore, 
in  materials  with  positive  dkidM,  where  X  and  M  are  the 
magnetostriction  and  magnetization,  respectively,  tension 
causes  alignment  of  the  domains  with  directions  along  the 
crystallopaphic  axis  nearest  the  stress  axis,  but  compression 
makes  domain  directions  along  these  same  axes  less  favor¬ 
able.  Thus,  when  the  magnetizing  field  is  applied  along  the 
stress  axis,  tensile  stress  will  increase  the  number  of  mag¬ 
netic  Barkhausen  emissions  while  the  compressive  stress  has 
the  converse  effect.  But  if  the  magnetizing  field  is  perpen¬ 
dicular  to  the  stress  axis,  the  effects  of  stress  on  hysteresis 
and  Barkhausen  effect  are  reversed.  Investigation  of  the  de¬ 
pendence  of  the  magnetic  Barkhausen  emissions  on  the 
stress  and  the  angle  between  the  stress  and  the  magnetization 
directions*®  and  angular  dependence  of  magnetic  properties 
of  polycrystalline  iron  under  the  action  of  uniaxial  stress’® 
were  conducted.  These  investigations  concluded  that  the  am¬ 
plitude  of  these  emissions  was  nearly  isotropic  and  indepen¬ 
dent  of  the  direction  of  the  applied  magnetic  field.  On  the 
other  hand,  this  amplitude  showed  an  anisotropic  trend  and 
was  dependent  on  the  angle  between  the  stress  and  applied 
magnetic  field  when  stress  was  applied.  Brief  coverages  of 
the  effect  of  stress  on  the  magnetic  Barkhausen  effect 
emissions’*'”  were  reported.  These  studies  were  mainly  in¬ 
vestigations  of  the  influence  of  shot  peening,  which  intro¬ 
duces  a  compressive  stress  on  surface,  and  tensile  stress  on 
the  emissions.  The  results  indicated  that  the  shot  peening 
process  as  a  cold  surface  treatment  decreased  the  amplitude 
of  the  micromagnetic  emissions. 

It  has  been  observed  that  the  number  of  magnetic 
Barkhausen  emissions  increases  when  tensile  stress  is  ap¬ 
plied  up  to  the  elastic  limit.  Then  these  emissions  at  the 
elastic  limit  will  either  increase  or  decrease  according  to 
whether  the  magnetostriction  is  positive  or  negative.  Figures 
2  and  3  show  how  compressive  and  tensile  stresses  affect  the 
domains  and  amplitude  of  the  magnetic  Barkhausen  emis- 


J.  Appl.  Phys.,  Vol.  75.  No.  10, 15  May  1994 


L  B.  Sipahi  6979 


FIG.  2.  Magnetic  Barkhausen  signal  amplitude  against  surface  stress 
(Ref.  23). 


sions  in  an  AISI 4340  steeP  and  bearing  races.^  This  tech¬ 
nique  has  been  utilized  for  residual  stress  measurement  and 
magnetic  material  characterization.  Moreover,  automated 
control  of  the  camshaft  grinding  process  by  means  of  the 
magnetic  Barkhausen  effect  was  proposed,  and  it  was  found 
that  fatigue  strength  is  decreased  with  tensile  grinding  stress 
and  increased  with  compressive  stress.^ 

On  the  other  hand,  there  are  some  difficulties  which  re¬ 
searchers  experience  to  study  the  micromagnetic  Barkhausen 
emissions.  These  are  mainly  related  to  the  very  sensitive  na¬ 
ture  of  the  emissions  to  microstructural  changes  in  specimen. 
A  small  change  not  only  in  one  of  the  microstructural  param¬ 
eters  but  also  in  one  of  the  generating  or  detecting  param¬ 
eters  of  these  emissions  of  an  experimental  system  may  re- 


FIG.  3.  Influence  of  compression  and  tension  on  Barkhause”  effect  signals 
in  bearing  races.  These  signatures  were  obtained  after  processing  the 
Barkhausen  emission  pulses  as  explained  by  Barton  et  ol.  (Ref.  24). 


suit  in  additional  challenges  to  interpret  the  results. 
Moreover,  the  calibration  curves  of  each  specific  case  are 
necessary. 

II.  CONCLUSIONS 

Due  to  the  strong  dependence  of  the  magnetic 
Barkhausen  emissions  on  microstructure  and  stress  condi¬ 
tions  of  magnetic  materials  and  due  to  its  ease  of  measure¬ 
ment,  the  magnetic  Barkhausen  effect  will  continue  being  an 
important  noninvasive  magnetic  material  characterization 
method.  As  discussed  above,  this  technique  has  been  em¬ 
ployed  in  many  different  technologies.  Moreover,  new  poten¬ 
tial  application  areas  have  yet  to  be  exploited. 
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Monitoring  neutron  embrittlement  in  nuciear  pressure  vessel  steels 
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In  nuclear  power  plants,  neutron  embrittlement  of  pressure  vessel  steels  has  been  one  of  the  main 
concerns.  The  use  of  miaomagnetic  Barkhausen  emissions  is  a  promising  method  to  monitor  the 
vanations  in  microstructural  and  subsurface  stress  states  due  to  their  influence  on  these  emissions. 
Measurements  of  these  emissions  can  reveal  neutron  irradiation  degradation  in  nuclear  power  plant 
components.  Samples  which  were  irradiated  at  different  neutron  fluences  and  annealed  at  different 
temperatures  were  obtained  from  three  reactor  surveillance  programs.  The  results  of  different 
neutron  fluences  and  annealing  procedures  showed  noticeable  fractional  changes  in  the  magnetic 
Barkhausen  effect  signal  parameter,  AMBE/MBE,  and  in  the  mechanical  properties  of  these 
specimens.  For  example,  increased  intensity  of  neutron  fluence  decreased  the  AMBE/MBE  as  well 
as  impact  energy  and  upper-shelf  energy,  but  increased  Rockwell  hardness  and  yield  strength. 
Typical  changes  in  this  parameter  were  in  the  range  from  -20%  to  -45%  for  fluences  of  up  to 
25X10*®  ncm"^ 


INTRODUCTION 

The  nuclear  industry  has  been  investigating  inspection 
methods  to  ensure  safe  operation  of  nuclear  reactors  beyond 
their  projected  life  span.  Previous  work  has  concentrated  not 
only  on  destructive  techniques  such  as  Charpy  tests  but  r'so 
on  noninvasive  methods  such  as  x-ray,  eddy  current,  hyster¬ 
esis,  positron  annihilation,  and  magnetoacoustic  emission 
measurements.*"^  Neutron  bombardment  creates  point  de¬ 
fects  distributed  throughout  the  irradiated  material.  Magnetic 
properties  such  as  remanence,  coercivity,  maximum  differen¬ 
tial  permeability,  and  hysteresis  loss  are  sensitive  to  the  pres¬ 
ence  of  these  defects,'*  as  are  Barkhausen  emission  spectra 
which  were  employed  to  characterize  microstructure  and 
subsurface  stress  states  of  the  materials.*"’ 


EXPERIMENTAL 

The  samples  investigated  were  mainly  broken  Charpy 
specimens  of  A533  grade  B  class  1  pressure  steels.  Some 
measurements  also  were  taken  on  unbroken  Charpy  samples 
(27.5X10X10  ram®).  Classification  of  the  samples  was  made 
on  the  basis  of  the  original  surveillance  program  data  at  three 
different  nuclear  reactor  plants.  All  the  magnetic  hysteresis® 
and  magnetic  Barkhausen  measurements  on  base  or  weld¬ 
ment  portions  of  the  irradiated  samples  were  taken  in  the 
radioactive  “hot  cell”  using  a  commercial  Barkhausen  effect 
device,  which  has  been  described  elsewhere.** 


RESULTS  AND  DISCUSSION 

Measurements  at  Westinghouse  Electric  Corp.,  Pitts¬ 
burgh,  PA  were  conducted  on  the  specimens  from  the  first 
surveillance  program  where  they  had  been  irradiated  to  three 
different  levels  of  neutron  fluences:  3.9X10*®,  17.7X10*®, 


and  23.7  ncm~®.  The  analysis  showed  that  magnetic 
Barkhausen  signals  at  each  measurement  depth  were  infli.- 
enced  by  neutrons. 

To  investigate  the  response  of  Barkhausen  emissions  to 
the  changes  in  the  mechanical  properties  of  the  samples  as  a 
result  of  neutron  embrittlement,  the  fractional  change  in  the 
magnetic  Barkhausen  signal  was  compared  to  change  in 
Rockwell  hardness,  upper-shelf  energy,  yield  strength,  and 
impact  energy  over  the  range  of  neutron  irradiation  fluence. 
On  these  same  specimens,  the  effect  of  sample  orientation 
with  respect  to  rolling  direction  was  also  studied.  The 
samples  were  denoted  as  transverse  and  longitudinal.  Weld¬ 
ment  specimens  from  the  first  surveillance  program  were 
also  measured. 

Similar  measurements  were  carried  out  on  the  samples 
from  the  second  surveillance  program  where  fluence  of  neu¬ 
trons  was  13.3X10*®  n  cm"®.  As  summarized  in  Table  I,  the 
Barkhausen  signal  as  well  as  the  impact  energy  and  upper- 
shelf  energy  decreased  with  neutron  influence,  whereas 
Rockwell  hardness  and  yield  strength  were  found  to  increase 
with  neutron  fluence  over  the  range  0-25X10**  ncm"®.  It 
was  expected  that  higher  hardness  would  result  in  lower 
magnetic  Barkhausen  emissions  due  to  the  increased  number 
of  defect  pinning  centers  which  impede  both  the  movement 
of  dislocations  and  magnetic  domain  walls. 

The  second  part  of  investigation  was  to  study  the  influ¬ 
ence  of  successive  neutron  irradiation  and  annealing  pro¬ 
cesses  on  magnetic  Barkhausen  signals  from  the  samples 
from  the  third  surveillance  program.  Barkhausen  voltage 
wave  forms  from  the  unirradiated  sample,  [Fig.  1(a)],  from 
the  sample  irradiated  at  8.4X10*®  ncm”®,  [Fig.  1(b)],  and 
from  the  sample  annealed  at  850  F  for  168  h,  [Fig.  1(c)] 
correspond  to  changes  in  micromagnetic  emissions  in  the 
materials  of  interest.  Before  irradiation,  the  rms  Barkhausen 
voltage  was  6  V  while  after  irradiation  it  was  2.5  V.  Anneal- 
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TABLE  1.  The  chiuiges'.ih’map^c  Barkhausen  signalrparEmeter  and  me¬ 
chanical  properties. 


Change  in 
magnetic 
Barkhausen 
signal 

Change  in 
Rockwell 
hardness 

Change  in 
yield 
streng  h 

Change  in 
impact 
energy 

Giange  in 
upper- 
shelf 
energy 

Transverse 
samples 
frcm  the  1st 
surveillance 
program 

-45% 

48% 

18.5% 

-26% 

-16.5% 

Longitudinal 
samples 
from  the  1st 
surveillance 
program 

-19% 

41% 

19.5% 

37% 

-13% 

Weldment 
samples 
from  the  1st 
surveillance 
program 

-42% 

40% 

9.5% 

-52% 

-26% 

Samples 
from  the 

2nd 

surveillance 

program 

-21% 

37% 

7% 

-64% 

-16% 

ing  resulted  in  a  signal  of  5  V.  It  was  also  found  that  the 
magnetic  Barkhausen  signal  parameter  decreased  as  a  result 
of  the  first  irradiation  at  8.4X10'®  n  cm”^  at  all  measurement 
frequencies  and  hence  at  all  depths.  The  first  anneal,  168  h  at 
850  °F,  restored  the  Barkhausen  parameter.  On  the  other 
hand,  the  second  irradiation,  an  additional  6.6X10*®  n/cm^ 
did  not  cause  noticeable  change  in  the  Barkhausen  signal. 
However,  the  second  annealing  step  with  some  experimental 
conditions,  as  in  the  first  annealing,  further  restored  the  mag- 


V(vo«) 


FIG.  1.  Barkhausen  voltage  wave  forms  from  (a)  unirradiated,  (b)  irradiated, 
8.4X10'®  n/cm^  (c)  annealed,  168  h  at  850  F;  specimens  from  the  third 
surveillance  program 


*0- 
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FIG.  2.  The  influence  of  successive  irradiation  and  annealing  procedures  on 
the  magnetic  Barkhausen  signal  parameter  and  (a)  Rockwell  hardness,  (b) 
impact  energy,  (c)  upper  shelf  energy.  Identiflcation  of  radiation  and  heat 
treatments  as  follows;  Spec.  Id.  1;  unirradiated;  spec.  Id.  2:  1st  irradiation, 
8.4X10'*  n/cm^;  spec.  Id.  3;  1st  annealing,  168  h  at  850  F;  spec.  Id.  4:  2nd 
irradiation,  6.6X10'®  n/cm®;  spec.  Id.  5:  2nd  annealing,  same  as  the  1st 
annealing  conditions. 


netic  Barkhausen  signal  as  seen  in  Fig.  2.  The  magnetic 
Barkhausen  signal  together  with  the  Rockwell  hardness,  im¬ 
pact  energy,  and  upper-shelf  energy  have  been  plotted  for 
each  case  in  Fig.  2.  As  can  be  seen  in  Fig.  2(a),  the  first 
irradiation  led  to  a  decrease  in  magnetic  Barkhausen  signal 
while  Rockwell  hardness  increased.  On  the  other  hand,  the 
first  annealing  process  decreased  the  Rockwell  hardness  but 
increased  the  magnetic  Barkhausen  signal.  The  impact  en¬ 
ergy,  Fig.  2(b),  and  the  upper-shelf  energy.  Fig.  2(c),  in  every 
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FIG.  3.  Change  in  magnetic  Barkhausen  sig..al  parameter:  (a)  coercivity,  (b) 
remanence,  and  (c)  maximum  differential  permeability  with  neutron  irradia¬ 
tion.  Identification  of  radiation  and  heat  treatments  on  specimens  as  follows; 
spec.  Id.  1:  unirradiated;  spec.  Id.  2:  1st  irradiation,  8.4X10‘*  n/cm^;  spec. 
Id.  1st  irradiation  and  1st  annealing,  850  F/168  h,;  spec.  id.  4:  2nd  irra¬ 
diation,  6.6X10‘*  ,i/cm^/spec.  Id.  5:  2nd  inadiation  and  2nd  annealing,  same 
as  the  1st  annealing  conditions. 


case  showed  the  same  trend  as  the  magnetic  Barkhausen  sigr 
nal.  The  results  of  previous  work®  on  the  same  s^ples, 
which  included  magnetic  hysteresis  measurements  are  shown 
in  Fig.  3  for  comparison.  The  B//-loop,  parameters,  coerciv¬ 
ity,  remanence,  and  differential  permeability  were  plotted  for 
each  individual  sample.  As  was  indicated  previously,^®  the 
magnetic  Barkhausen  voltage  maximum  was  proportional  to 
the  differential  susceptibility.  This  is  clearly  seen  in  Fig.  3. 


CONCLUSIONS 

This  investigation  revealed  the  existence  of  a  relation¬ 
ship  between  the  extent  of  radiation  damage  by  neutrons  and 
the  Barkhausen  emission  signals.  There  were  significant  cor¬ 
relations  between  mechanical  properties  of  these  materials 
and  magnetic  Barkhausen  sipals  and  these  have  been  inter¬ 
preted  in  terms  of  the  effects  of  defects  on  both  magnetic 
domain  wall  motion  and  dislocation  movement.  The  results 
indicated  that  irradiation  with  neutrons  caused  damage 
throughout  the  volume  of  the  material.  It  was  anticipated  that 
increased  hardness  would  give  rise  to  lower  Barkhausen 
emissions  due  to  increased  pinning  of  domain  walls.  Succes¬ 
sive  neutron  irradiation  and  annealing  procedures  also  re¬ 
vealed  a  relationship  between  Rockwell  hardness  and  the 
magnetic  Barkhausen  signal  which  resulted  from  neutron 
embrittlement. 
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Experimental  study  on  opening  compensation  for  magnetic  shields 
by  current  superpbsitidn 

I.  Sasada  and  Y.  donaka 

Department'.of. Electronics,  Kyushu  University  36,  Fukuoka  812)  Japan 

A  new  method  is  studied  experihiehtally  by  which  magnetic  fields  coming  in  through  an  opening  of 
a  magnetic  shi'elid  can  be  compensated.  The  horizontal  component  of  the  earth’s  field  is  targeted  as 
an  dxtemai  magnetic  field  to' be  compensated  by  the  method,  in  which  a  single  figure-eight  coil  is 
used.  A  cylindrical  shielding  case  is  developed  for  this  study  using  a  Permalloy  cylindrical  case 
(outer  diameter=68  cm,  length=180  cm)  with  an  opening  at  ah  end  and  Metglas  2705M  amorphous 
ribbons,  which  are  wound  helically  on  the  outer  surface  of  the  Permalloy  case  by  16  layers.  A 
magnetic  shaking  field  of  200  Hz  is  applied  to  only  the  amorphous  layers  by  a  toroidal  shaking  coil 
of  36  turns.  The  size  of  the  figure-eight  coil  used  is  74  cm  in  diameter  with  30  turns.  Residual 
magnetic  field  measured  by  a  flux  gate  magnetometer  in  the  horizontal  center  plane  of  the  shielding 
case  sliows  that  the  area  where  the  amplitude  of  the  residual  magnetic  field  is  within  ±0.15  mG  is 
extended  by  about  30.cm  toward  the.  opening. 


I.  INTRODUCTION 

Magnetic  shielding  rooms  of  high  performance  are  re¬ 
quired  for  precise  magnetic  field  measurements  such  as  brain 
magnetic  field  measurements  by  superconducting  quantum 
interference  device  magnetometers.  Most  of  the  magnetic 
shielding  rooms  presently  used  are  built  relying  on  the  fer¬ 
romagnetic  enclosures  to  isolate  the  area  to  be  shielded  from 
the  outside.  As  a  result,  they  become  heavy  and  expensive.  If 
magnetic  shielding  rooms  are  allowed  to  have  openings  by 
incorporating  a  compensation  technique,  the  above  problems 
can  be  solved.  In  addition  to  that,  we  can  get  an  easy  access 
to  the  working  space  of  the  shielding  room  through  the  open¬ 
ing. 

We  have  proposed  a  new  method  of  compensating  in¬ 
coming  magnetic  field  through  aii  opening  of  magnetic 
shields  by  current  superposition.'  In  this  paper,  we  evaluate 
this  method  against  the  horizontal  component  of  the  earth’s 
magnetic  field  (0.32  G  in  Fukuoka)  using  a  cylindrical  mag¬ 
netic  shielding  case  with  an  opening  at  an  end  and  a  single 
figure-eight  coil.  A  large  cylindrical  shielding  case 
(diameter =68  cm,  length =180  cm)  was  developed  for  this 
study  incorporating  the  magnetic  shaking  technique.^’^  The 
uniformly  shieldec,  area  where  the  amplitude  of  the  horizon¬ 
tal  magnetic  field  was  within  ±0.15  mG  was  extended  by 
about  30  cm  toward  the  opening  by  adjusting  the  compensa¬ 
tion  current. 

The  frequency  characteristics  of  the  shieldii  ^  lactor  of 
the  developed  shielding  case  are  also  presented. 

II.  CYLINDRICAL  SHIELDING  CASE 

A  large  cylindrical  shielding  case  was  developed  using 
Metglas  2705M  amorphous  ribbons  (width =5  cm, 
thickness=22  pm)  and  a  Permalloy  cylindrical  case  (outer 
diameter=68  cm,  length=180  cm,  thickness=1.6  mm, 
weight=60  kg),  incorporating  the  magnetic  shaking 
technique.^’^ 

Metglas  2705M  amorphous  ribbons  were  wound  heli¬ 
cally  on  the  Permalloy  case  by  16  layers  (total  weightsl2.1 
kg)  to  cover  the  circumferential  surface.  A  main  reason  we 


used  a  Permalloy  cylinder  inside  is  to  attenuate  unwanted 
leakage  of  the  magnetic  shaking  field  into  the  area  to  be 
shielded.  Two  coils  to  give  magnetic  shaking  field  to  the 
amorphous  layers  were  installed.  One  is  a  toroidal  coil  of  36 
turns  surrounding  only  the  amorphous  layers  and  the  other  is 
a  meander  coil  (line  space =3  cm)  consisting  of  a  pair  of 
meander  coils  connected  in  series,  one  of  which  is  inserted 
between  the  fourth  and  the  fifth  layer  and  the  other  between 
the  12th  and  the  13th  layer.  One  end  of  the  Permalloy  cylin¬ 
der  is  left  open  and  the  other  end  is  closed  with  the  same 
Permalloy  plate  welded  at  all  edges,  on  which  there  is  a 
square  hole  of  6  cmX6  cm  having  been  used  during  fabrica¬ 
tion. 

III.  EXPERIMENT 

The  jhielding  case  was  laid  on  the  floor  perpendicularly 
to  the  direction  of  the  earth’s  magnetic  field  as  shown  in  Fig. 
1.  The  coordinate  system  is  defined  with  the  origin  at  the 
center  of  the  opening  surface;  z  axis  along  the  axis  of  the 
cylinder,  x  axis  along  the  horizontal,  and  y  axis  along  the 
vertical  direction,  respectively.  We  used  the  toroidal  shaking 
coil  rather  than  the  meander  one  to  obtain  a  large  shaking 
effect.  The  amplitude  of  the  shaking  current  was  tuned  to  110 
mA  (rms)  at  200  Hz,  because  the  shaking  effect  shows  a  peak 
for  the  shaking  current.^  The  leakage  flux  density  of  the 


magnetometer 


current 

direction 


FIG.  1.  Expeiimental  setup.  The  opening  is  covered  with  the  figure-eight 
coil. 
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Frequency  (Hz) 

FIG.  2.  Shielding  factor  of  the  developed  cylindrical  shielding  case. 

shaking  field  was  less  than  40  fiG  in  most  of  the  area  inside 
the  case.  The  shielding  factor,  as  a  basic  characteristic  of  the 
developed  shielding  case,  was  measured  as  a  function  of  fre¬ 
quency  of  the  external  magnetic  field.  In  this  case,  the  exter¬ 
nal  magnetic  field  with  an  amplitude  oflOO  mG  (rms)  was 
applied  transversely  to  the  case  by  using  a  large  Helmholtz 
coil  of  square  shape  (4  mX2  mXl.5  m),  and  the  magnetic 
field  was  measured  at  the  center  of  the  case.  In  the  experi¬ 
ments  of  this  paper,  the  magnetic  field  was  measured  by  a 
triaxial  fiux  gate  magnetometer.  The  flux  pattern  appearing 
near  the  opening  due  to  the  horizontal  component  of  the 
earth’s  magnetic  field  was  also  measured  in  the  x-z  plane. 

To  compensate  the  horizontal  component  of  the  earth’s 
magnetic  field  (0.32  G  in  Fukuoka),  a  single  figure-eight  coil 
of  74  cm  in  diameter  with  30  turns  was  set  to  cover  the 
opening  with  the  crossing  part  of  the  figure-eight  coil  being 
vertical  as  shown  in  Fig.  1.  Horizontal  components  of  re¬ 
sidual  earth’s  fields,  and  ,  inside  the  case  were  mea¬ 
sured  in  the  x-z  plane. 

Compensation  current  was  adjusted  by  matching  numeri¬ 
cally  the  magnetic  fields  to  be  generated  by  the  figure-eight 
coil  with  those  measured  inside  the  shielding  case  along  the 
z  axis,  and  we  got  77  mA  as  the  compensation  cunent. 

IV.  RESULTS  AND  DISCUSSION 

The  shielding  factor  of  the  developed  shielding  case  is 
shown  in  Fig.  2  for  the  frequency  of  the  external  magnetic 
field.  The  shielding  factor  (a  ratio  of  external  magnetic  field 
versus  residual  magnetic  field  in  the  shield)  with  magnetic 
shaking  on  is  2400  at  O.S  Hz,  which  is  enhanced  30  times  as 
large  as  that  with  magnetic  shaking  off.  This  large  enhance¬ 
ment  cannot  be  explained  by  a  single  shell  model  of  an  infi¬ 
nite  cylindrical  shield.  Spaces  introduced  to  the  magnetic 
shell  for  separating  the  Permalloy  case  and  the  amorphous 
ribbon  layer  and  for  inserting  shaking  coils  bring  about  a 
multilayer  stmcture.  As  the  space  between  the  Permalloy 
case  and  the  innermost  amorphous  layer  is  largest  (about  1 
cm),  using  a  double  shell  model,'*  the  Permalloy  shell  and  the 
amorphous  layer  shell,  the  effective  permeability  of  the 
amorphous  layer  is  estimated  as  large  as  6.3X10^  at  10  Hz, 
and  9.3X10^  at  0.5  Hz  in  relative  permeability.  The  fre¬ 
quency  characteristics  of  the  enhanced  .ncremental  perme¬ 
ability  at  low  frequency  has  already  been  reported.^ 

The  flux  pattern  measured  in  the  x-z  plane  near  the 
opening  is  shown  in  Fig.  3.  For  the  area  2^40  cm,  the  vector 


FIG.  3.  Vector  plot  of  the  magnetic  field  measured  near  the  opening  of  the 
cylindrical  shielding  case. 


plot  is  magnified  by  20  times.  Although  it  is  ideal  to  generate 
the  magnetic  field  as  close  as  possible  to  this  but  opposite  in 
sign,  it  is  also  important  to  approach  this  by  using  as  simple 
a  coil  as  possible.  Figure  4(a)  shows  the  distributions  of  Bx 
along  the  z  axis  in  the  x-z  plane  with  compensation  off. 
Figure  4(b)  shows  those  with  compensation  on.  Similarly 
those  for  B^  are  snown  with  compensation  off  in  Fig.  5(a) 
and  with  compensation  on  in  Fig.  5(b).  From  these  results, 
we  can  see  the  uniformly  shielded  area  is  extended  to  about 
30  cm  toward  the  opening.  It  should  be  noted  that  the  uni¬ 
formly  shielded  area  is  extended  toward  the  opening  by 


(a) 


(b) 


FIG.  4.  Distributions  of  Bx,  where  the  opening  compensation  is  off  in  (a) 
and  on  in  (b). 
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Distance  from  opening  (cm) 
(a) 


(b) 


FIG.  5.  Distributions  of  B, ,  where  the  opening  compensation  is  off  in  (a) 
and  on  in  (b).  Symbols  are  the  same  as  in  Fig.  4. 


about  half  of  the  diameter  of  the  case  with  a  simple  figure- 
eight  coil.  Disturbances  found  near  distance=l80  cm  in  all 
four  figures  are  due  to  the  square  hole  in  the  Permalloy  plate 


aforementioned.  Due  to  the  symmetry,  these  results  also  hold 
to  vertical  components.  In  this  case,  a  figure-eight  coil  needs 
to  be  rotated  by  90°. 

Residual  magnetic  fields  inside  an  infinite  magnetic 
shield  are  theoretically  uniform  against  uniform  external 
fields.  This  is  a  very  important  nature  of  the  cylindrical  mag¬ 
netic  shield,  because  we  can  use  gradiometer  to  measure  very 
low  magnetic  'field.  The  opening  compensation  discussed  in 
this  paper  would  be  most  suitable  for  cylindrical  shields. 

V.  CONCLUSION 

We  demonstrated  experimentally  that  the  transverse 
magnetic  field  to  the  opening  of  cylindrical  magnetic  shields 
can  be  compensated  by  a  figure-eight  coil.  The  uniformly 
shielded  area  recovered  by  this  method  toward  the  opening  is 
about  half  of  the  diameter  in  length. 
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Effects  of  pole  flux  distribution  in  a  homopoiar  linear 
synchronous  machine 
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School  of  Electronic  &  Electrical  Engineering,  University  of  Bath,  Bath  BA2  7AX,  United  Kingdom 

Linear  forms  of  synchronous  electrical  machine  are  at  present  being  considered  as  the  propulsion 
means  in  high-speed,  magnetically  levitated  (Maglev)  ground  transportation  systems.  A  homopoiar 
form  of  machine  is  considered  in  which  the  primary  member,  which  carries  both  ac  and  dc  windings, 
is  supported  on  the  vehicle.  Test  results  and  theoretical  predictions  are  presented  for  a  design  of 
machine  intended  for  driving  a  100  passenger  vehicle  at  a  top  speed  of  400  km/h.  The  layout  of  the 
dc  magnetic  circuit  is  examined  to  locate  the  best  position  for  the  dc  winding  from  the  point  of  view 
of  minimum  core  weight.  Measurements  of  flux  build-up  under  the  machine  at  different  operating 
speeds  are  given  for  two  types  of  secondary  pole:  solid  and  laminated.  The  solid  pole  results,  which 
are  confirmed  theoretically,  show  that  this  form  of  construction  is  impractical  for  high-speed  drives. 
Measured  motoring  characteristics  are  presented  for  a  short  length  of  machine  which  simulates 
conditions  at  the  leading  and  trailing  ends  of  the  full-sized  machine.  Combination  of  the  results  with 
those  from  a  cylindrical  version  of  the  machine  make  it  possible  to  infer  the  performance  of  the 
full-sized  traction  machine.  This  gives  0.8  pf  and  0.9  efficiency  at  300  km/h,  which  is  much  better 
than  the  reported  performance  of  a  comparable  linear  indi'ction  motor  (0.52  pf  and  0.82  efficiency). 
It  is  therefore  concluded  that  in  any  projected  high-speed  Maglev  systems,  a  linear  synchronous 
machine  should  be  the  first  choice  as  the  propulsion  means. 


INTRODUCTION 

Linear  induction  motors  (LIMs)  have  received  much  at¬ 
tention  as  the  means  of  propulsion  in  many  projected  high¬ 
speed,  ground  transport  systems.  While  this  form  of  machine 
has  many  inherent  advantages,  it  suffers  from  two  major  de¬ 
tractions.  The  first  of  these  is  due  to  the  large  mechanical 
clearances  necessary  in  high-speed  ground  transport 
schemes.  This  demands  a  high  reactive  power  component 
from  the  supply.  An  additional  reactive  power  component  is 
made  necessary  by  the  second  disadvantage  of  LIMs,  which 
is  the  longitudinal  end  effect.  This  effect  is  due  to  persistent 
induced  transient  cunent  components  in  the  induction  motor 
secondary  member.  A  convenient  way  of  avoiding  the  prob¬ 
lems  associated  with  LIMs  is  to  consider  the  advantages  of¬ 
fered  by  synchronous  machines.  These  machines  are  magne¬ 
tized  by  direct  current,  and  so  large  clearances  (air  gaps)  will 
not  demand  ac  reactive  input.  In  addition  it  is  not  necessary 
to  rely  on  induced  secondary  currents  for  torque  (force)  pro¬ 
duction  in  synchronous  machines.  This  means  that  any  prac¬ 
tical  method  can  be  used  to  reduce  or  eliminate  unwanted 
secondary  cunents.  The  choice  of  the  form  of  a  linear  syn¬ 
chronous  machine  is  important.  In  conventional  synchronous 
machines  the  dc  winding  is  normally  on  the  rotating  second¬ 
ary  member.  This  form  of  construction  may  be  expensive  to 
produce.  An  economical  form  of  construction  is  offered  by 
one  of  the  “ac  side  excited”  types  of  machine  which  are 
related  to  the  inductor  alternator.  TVo  forms  of  this  machine, 
known  as  the  “heteropolar”  and  “homopoiar”  types  have 
been  developed  and  tested.^"'*  This  paper  concerns  work  per¬ 
formed  on  a  homopoiar  type  of  machine,  the  details  of  which 
are  shown  in  Fig.  1.  The  figure  shows  that  the  dc  excitation 
winding  is  conveniently  located  on  the  primary  member. 
This  leaves  the  extended  secondary  as  simple  passive  steel 
blocks  which  can  be  constructed  in  any  convenient  way  to 
reduce  induced  currents. 


On  the  basis  of  earlier  work  a  design  for  a  drive  motor 
for  a  100  passenger,  400  km/h  vehicle  has  been  produced. 
This  machine  has  40  poles  and  is  approximately  12  m  in 
length.  Experimental  work  on  such  a  large  machine  would 
clearly  require  an  extensive  and  expensive  test  installation.  It 
is,  however,  not  necessary  to  test  a  complete  machine.  Be¬ 
cause  the  persistence  and  magnitude  of  secondary  induced 
currents  can  be  made  small,  it  is  only  necessary  to  perform 
measurements  on  short  representative  sections  of  the  actual 
machine.  In  the  apparatus  constructed  for  this  work  a  short 
4-pole  section  of  machine  is  used  when  the  magnitude  of  end 
effects  is  of  interest.  When  the  part  of  the  machine  remote 
from  the  ends  is  of  interest  an  8-pole  cylindrical  form  of 
machine  is  used.  Measurements  from  the  two  forms  of  ma¬ 
chine  can  be  combined  to  give  a  very  good  indication  of  the 
performance  of  the  actual  40-pole  machine.  In  addition,  the 


FIG.  1.  Homopoiar  linear  synchronous  machine  (LSM). 
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FIG.  2.  LSM  ac  winding  using  figi<'t*eight  coils. 


separate  sets  of  results  can  be  used  in  the  verification  of 
mathematical  models.  Figure  2  shows  the  novel 
“figure-eight”^  layout  adopted  for  the  ac  armature  winding, 
and  Fig.  3  is  a  photograph  of  one  of  the  complete  4-pole 
primary  sections. 

HIGH-SPEED  HOMOPOLAR  LSM  TEST  RIG 

The  testing  of  the  two  parts  of  the  full-sized  LSM  is 
facilitated  by  using  either  one  or  two  semicircular  4-pole 
primaries  as  shown  in  Fig.  4.  The  primaries  have  exactly  the 
same  transverse  cross-section  as  the  fiiil-sized  design  of  ma¬ 
chine  referred  to  in  the  Introduction.  Electromagnetic  forces 
produced  by  the  machine  are  measured  using  piezoelectric 
transducers. 

One  of  the  more  difficult  parts  of  the  design  of  this  test 
apparatus  has  been  that  for  the  rotating  secondary.  It  is  nec¬ 
essary  for  this  component  (which  has  an  o.d.  of  about  700 
mm)  to  rotate  at  3000  rev/min  in  order  to  achieve  a  linear 
speed  of  400  km/h.  It  is  also  necessary  to  suspend  the  sec¬ 
ondary  steel  pole  pieces  in  magnetic  isolation.  Figure  5 
shows  the  scheme  adopted.  The  whole  secondary  assembly  is 
supported  on  a  mild  steel  shaft.  Onto  this  shaft  is  shrunk  a 
nonmagnetic  stainless-steel  boss.  This  part  then  supports  the 
pole  pieces  (which  are  secured  by  radial  bolts)  which  may  be 
of  either  solid  or  laminated  construction.  The  complete  test 
stand  of  Fig.  4  is  housed  within  a  safety  cell  fabricated  from 


FIG.  3.  Complete  4-pole  LSM  primary  member. 


outline  of  two  C  pole  LSH  stators 


tronsducers 

FIG.  4.  Anangement  of  LSM  test  rig. 

approximately  300  Tonne  of  reinforced  concrete.  The  cell  is 
closed  with  doors  manufactured  from  material  designed  to 
withstand  ballistic  impact. 

A  variable  voltage  and  frequency  electrical  supply  is 
necessary  to  power  a  LSM.  One  approach  is  to  use  a  power 
electronic  invertor,  as  has  been  demonstrated  by  the  Toshiba 
Co.  of  Japan.  In  the  LSM  test  apparatus  being  described,  a 
corresponding  form  of  supply  is  produced  by  an  alternator 
which  is  coupled  to  the  rotor  shaft  (Fig.  4).  With  this  form  of 
supply  power  can  circulate  between  the  machines  in  either 
electrical  or  mechanical  form.  By  altering  the  angle  between 
the  LSM  and  alternator  field  poles  the  LSM  torque  (force) 
angle  can  be  set  up.  Power  to  supply  the  ac  and  mechanical 
losses  of  the  LSM  and  alternator  system  is  provided  by  a  dc 
drive  on  the  same  shaft.  This  is  part  of  a  Ward  Leonard 
system  with  a  speed  control  system  to  facilitate  measure¬ 
ments  at  fixed  frequency  settings. 

FIELD  WINDING  LEAKAGE 

There  are  two  possible  positions  for  the  dc  excitation 
coils  on  the  primary  member,  and  they  are  shown  in  Fig.  6. 
The  position  shown  at  (A)  is  the  more  convenient  from  the 
point  of  view  of  mechanical  construction,  and  it  also  has  the 
benefit  of  slightly  lower  resistance.  The  position  shown  at 
(B)  promises  lower  leakage.  In  order  to  explore  this  possi¬ 
bility  both  configurations  were  investigated  practically  using 
search  coils  and  an  integrating  fluxmeter.  The  fluxes  mea- 


FIG.  S.  Schematic  of  test  LSM  secondary  member. 
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FIG.  6.  Possible  dc  field  coil  positions  for  a  homopolar  LSM. 


sured  in  the  various  parts  of  the  machine  are  shown  in  Fig.  6. 
It  will  be  observed  that  the  amount  of  leakage  is  much 
smaller  in  position  (B).  This  leads  to  the  possibility  of  de¬ 
creased  primary  iron  core  weight. 

MEASUREMENT  AND  CALCULATION  OF  THE 
LONGITUDINAL  END  EFFECT 

The  excitation  pole  flux  build  up  was  measured  using  the 
short  stator  conflguration  provided  by  one  primary  member. 
The  measurements  were  taken  using  a  rectangular  search  coil 


FIG.  7.  Air  gap  longitudinal  flux  distribution  at  different  speeds,  with  solid 
and  laminated  secondary  poles. 


FIG.  8.  LSM  terminal  characteristics  at  a  90°  motoring  torque  (force)  angle. 


which  spans  one  rotor  pole.  Figure  7  illustrates  the  test  re¬ 
sults.  It  is  evident  that  the  build  up  of  flux  using  solid  poles 
is  considerably  delayed  even  at  20  m/s  (18%  of  the  top 
speed).  With  laminated  poles  the  flux  builds  up  almost  im¬ 
mediately.  This  behavior  has  been  confirmed  over  the  speed 
range  of  the  tests.  As  an  example,  the  results  taken  at  56  m/s 
are  also  shown  on  Fig.  7.  The  calculated  results  for  the  be¬ 
havior  of  solid  poles  were  obtained  using  a  mesh  calculation 
method  which  incorporates  rotor  movement.^ 

MOTORING  CHARACTERISTICS 

Variation  of  power  factor,  efficiency  and  torque  with  fre¬ 
quency  is  shown  in  Fig.  8.  On  this  figure  200  Hz  is  equiva¬ 
lent  to  112  m/s  or  400  km/h.  The  results  are  given  for  a 
torque  angle  of  90°.  It  will  be  observed  that  the  results  are  in 
broad  agreement  with  the  calculated  values  which  are  shown 
as  continuous  lines  on  Fig.  8.  These  calculated  values  were 
obtained  using  simple  “round-rotor”  synchronous  machine 
theory  neglecting  pole  face  losses  (due  both  to  eddy  currents 
induced  by  the  entry  and  exit  edges  and  the  normal  pole  face 
loss  which  occurs  in  cylindrical  machines). 

In  a  previous  paper^  results  were  given  for  a  cylindrical 
machine.  These  showed  closer  agreement  with  the  simple 
calculated  lines.  It  can  be  inferred  from  this  that  the  values 
which  will  be  obtained  from  a  40-pole  machine  will  lie  in 
between  the  four  pole  short  stator  results  shown  on  Fig.  8 
and  those  taken  earlier.  This  means  that,  for  example,  300 
km/h  speeds  will  result  in  power  factors  and  efficiencies  in 
excess  of  0.8  and  0.9,  respectively.  This  is  a  much  better 
performance  than  would  be  expected  from  a  comparable  lin¬ 
ear  induction  motor,  for  which  calculated  results  of  0.52  pf 
and  0.82  efficiency  are  given  in  Ref.  5. 

'J.  F.  Eastham,  Electron.  Power,  lEE,  London  23,  239  (1977). 

^M.  J.  Baicbin  and  J.  F.  Eastham,  Proc.  lEE  (London),  Part  B  2,  213 
(1979). 
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Magn.  MAG.23,  2338  (1987). 
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24,  2892  (1988). 
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Compensation  of  field  distortf^jn  with  ferromagnetic  materials 
and  permanent  magnets 

Manlio  G.  Abele,  Henry  Rusinek,  Franco  Bertora  and  Alessandro  Trequattrini®^ 
Department  of  Radiology,  New  York  University  School  Medicine,  New  York,  New  York  10016 

This  paper  discusses  a  technique  for  improving  the  homogeneity  of  the  magnetic  field  in  structures 
of  permanent  magnets  designed  for  magnetic  resonance  imaging,  achieved  by  inserting  layers  of 
fenomagnetic  plates  and  permanent  magnets  along  the  cavity  of  the  structure.  The  analysis  of  the 
field  in  the  magnet  is  performed  using  a  boundary  integral  equation  method.  An  .example  of 
optimization  of  the  geometry  and  the  amount  of  the  magnetic  material  is  presented. 


I.  INTRODUCTION 

To  design  a  permanent  magnet  for  medical  magnetic 
resonance  imaging  (MRI)  applications  one  must  determine 
the  geometry  and  the  distribution  of  magnetization  that  gen¬ 
erate  a  nearly  uniform  field  within  a  given  region  of  interest. 
The  exact  solution  of  generatiiig  a  perfectly  uniform  field  is 
possible  only  if  the  magnetic  structure  totally  encloses  the 
volume  of  interest.  ‘ 

In  a  practical  magnet  used  for  imaging  applications  sev¬ 
eral  factors  contribute  to  the  perturbation  of  the  field  inside 
the  cavity.  The  most  important  cause  of  the  field  distortion  is 
the  opening  of  the  magnet  to  access  the  cavity.  For  instance, 
ideal  two-dimensional  structures  must  be  truncated  at  both 
ends.  Since  magnets  used  in  MRI  require  high  field  unifor¬ 
mity  within  the  region  of  interest,  any  field  distortion  must 
be  compensated  for. 

There  are  several  approaches  to  compensate  for  the  ef¬ 
fects  of  the  magnet  opening.  In  a  traditional  magnet  the  gen¬ 
eration  of  the  desired  field  characteristics,  and  in  particular 
the  achievement  of  the  desired  uniformity  is  accomplished 
by  the  design  of  the  pole  pieces,  which  are  high  magnetic 
permeability  structures  inserted  within  the  cavity. 

In  the  case  of  the  magnetic  structures  introduced  by  the 
first  author,  the  compensation  of  the  effect  of  the  magnet 
opening  can  be  achieved  by  either  the  modification  of  the 
magnet  geometry  and  the  change  in  the  distribution  of  mag¬ 
netization  or  by  addition  of  new  components  of  high  perme¬ 
ability  materials.’ 

This  paper  describes  a  technique  based  on  the  use  of 
plates  of  high  permeability  materials  which  contain  inserts  of 
active  components  consisting  of  magnetized  materials.  Since 
the  plates  “sandwich”  the  active  elements,  these  structures 
will  be  referred  to  as  magnetic  sandwiches.  Magnetic  sand¬ 
wiches  are  inserted  at  the  interface  between  the  magnetic 
structure  and  the  inner  cavity  and  are  arranged  in  layers  per¬ 
pendicular  to  main  field. 

The  mathematical  procedure  for  determining  geometry 
and  composition  of  the  layers  is  based  on  the  elimination  of 
increasing  order  of  spatial  harmonics  in  the  potential  expan¬ 
sion  within  the  region  of  interest.  The  optimization  of  the 
magnetic  structures  will  be  illustrated  below  in  the  example 
of  a  prismatic  hybrid  magnet  designed  around  a  rectangular 
cavity.’ 
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11.  MAGNETOSTATIC  POTENTIAL  GENERATED  BY 
SANDWICH  STRUCTURE 

A  basic  schematic  of  the  combination  of  plates  and  ac¬ 
tive  material  is  presented  in  Fig.  1,  which  shows  the  two 
sandwich  structures  perpendicular  to  the  direction  of  the  field 
inside  the  cavity  inserted  within  a  rectangular  cavity  indi¬ 
cated  by  the  dashed  line  in  the  figure.  The  plates  are  assumed 
to  be  built  with  an  infinite  magnetic  permeability  material 
and  have  zero  thickness.  As  seen  in  the  figure,  the  outer  plate 
of  each  structure  is  continuous,  and  therefore  maintained  at  a 
constant  potentials  ‘bj  and  The  inner  layer  is  com¬ 
posed  of  several  sections  separated  from  each  other.  The  fig¬ 
ure  also  shows  magnetic  material  polarized  along  the  y  axis 
and  filling  a  portion  of  the  peripheral  section  of  the  sand¬ 
wiches.  The  magnetic  material  generates  potential  <J>2  and 
-4>2  on  the  peripheral  section  of  the  inner  plates.  It  is  as¬ 
sumed  that  the  central  portions  of  the  inner  plates  are  con¬ 
nected  with  the  corresponding  outer  plates  and  therefore 
maintained  at  potential  <I>i  and  -4>i,  as  indicated  in  Fig.  1. 

The  potential  difference  A4>=d>i-4>2  depends  on  the 
geometry  of  the  sandwich  layers  as  well  as  the  amount  of  the 
magnetic  material  inserted  within  the  sandwich.  The  effect  of 
the  location  of  the  active  elements  within  the  two  plates  is 
first  investigated.  The  magnitude  of  the  remanence  J  of  the 
magnetic  material  and  its  orientation  are  kept  fixed  while  the 
coordinates  y^  ,z,  shov ,  in  Fig.  2  are  variable,  simulating 
the  amount  of  active  material  contained  within  the  peripheral 
section  of  each  plate. 

The  analysis  is  performed  using  a  boundary  integral 
equation  method,^  in  which  the  surface  charges  a  on  the 


FIG.  1.  A  ba.sic  schematic  of  two  sandwich  structures  containing  active 
material  in  the  peripheral  section.  The  dashed  line  indicates  the  cavity  of  the 
magnet  designed  to  generate  a  uniform  field  Hg. 
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FIG.  2.  Geometry  of  the  active  material  in  the  peripheral  section. 


FIG.  4.  Hybrid  magnet  with  an  opening.  The  heavy  line  represents  the 
partial  yoke. 


plates  are  first  computed  and  then  used  to  derive  the  scalar 
potential  4>  as 

1  fa 

^=7 -  -  (1) 

47r/Ao  J  P 

Figure  3  illustrates  the  effect  of  filling  the  peripheral 
section  with  an  increasing  amount  of  the  magnetized  mate¬ 
rial.  The  plot  corresponds  to  varying  the  z-axis  filling,  i.e., 

zi<z,<z2,  y,=y2-  (2) 

The  same  plot  is  obtained  by  varying  the  y-axis  filling  of  the 
peripheral  plate 

yi<ys<y2<  h=22-  (3) 

The  linearity  of  A<l>  versus  the  extent  of  the  active  material 
in  both  y  and  z  directions  implies  that  Ad>  is  the  function 
only  of  the  amount  of  material,  rather  than  of  the  location  of 
the  active  material  within  the  sandwich. 

III.  HYBRID  MAGNET  AND  THE  EFFECT  OF  OPENING 

A  methodology  introduced  by  the  first  author  led  to  the 
theoretical  design  of  a  novel  permanent  magnet  device  based 
on  magnetic  materials  with  linear  demagnetization 
characteristics.'  Structures  designed  using  this  methodology 
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FIG.  3.  The  potential  difference  generated  by  increasing  horizontal  coverage 
of  active  material  m  the  peripheral  section  on  the  sandwich  structure. 


generate  uniform  fields  in  arbitrary  cavities  completely  en¬ 
closed  by  the  magnetic  material.  Of  practical  interest  is  the 
category  o(  hybrid  magnets.^ 

In  the  particular  case  of  a  rectangular  cavity  of  dimen¬ 
sions  ZoFl.Syo,  the  termination  introduced  by  the  hybrid 
magnet  consists  of  two  triangular  prisms  shown  in  Fig.  4. 
The  coordinate  of  the  vertex  V  of  the  magnet  is  given  by 


f  yo^Ii^ 

I  K^lK{2-K)  +  {l-K)yJl-K 

, _ Ky, 

K^|K{2-K)  +  {l-K)^|^-K 

where  is  a  parameter  of  the  design  defined  as 


(4) 


(5) 


Assume  that  an  increasingly  large  access  to  the  magnet 
is  created  by  removing  a  portion  of  the  larger  triangle  of  the 
height  h  as  indicated  in  Fig.  4.  The  effect  of  the  opening  on 
the  uniformity  of  magnetic  field  is  analyzed  by  expanding 
the  magnetostatic  potential  in  a  series  of  spherical  harmonics 
within  a  region  of  cavity  close  to  the  origin.  In  the  two- 
dimensional  configuration  the  harmonic  expansion  of  the  po¬ 
tential  in  polar  coordinates  r,  reduces  to 


1 

4,  =  - - 

2wfio 


E  (i/  cosijiff). 

J 


(6) 


The  fundamental  term  provides  the  intensity  of  the  field  at 
the  origin.  The  ;>!  terms,  i.e.,  the  distortion  of  the  field, 
converge  to  0  as  Zo-*”. 

The  values  of  coefficients  qj  for  the  lowest  order  har¬ 
monics  are  listed  in  Table  I  for  increasingly  large  value  of  the 
opening  h.  The  results  demonstrate  a  decrease  in  field  homo¬ 
geneity  caused  by  the  opening. 


TABLE  I.  The  effect  of  magnet  opening  on  the  lowest  order  harmonics. 
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TABLE  n.  The  effect, of  increasing  length  of  active  element. 


Zj-Zi 

9i 

is 

is 

97 

1.0 

-0.0055 

-0.0099 

0.0008 

0.0013 

0.8 

-0.0061 

-0.0065 

0.0017 

0.0010 

0.6 

-0.0057 

-6.0037 

0.0015 

0.0003 

0.4 

-0.0043 

-0.0018 

0.0009 

-0.0000 

The  values  of  the  coefficient  qj  of  the  harmonic  expan¬ 
sion  of  $  caused  by  the  presence  of  a  sandwich  structure  of 
different  length  Z2“-^i  listed,  in  Table  11.  As  seen  by 
comparing  Tables  I  and  11,  a  significant  improvement  of  the 
field  uniformity,  in  particular  a  total  elimination  of  the  coef¬ 
ficient  ^3  is  possible.  For  example,  in  an  open  magnet  char¬ 
acterized  by  A=0.8yo.  elimination  of  coefficient  is 
achievable  either  with  a  sandwich  structure  having  length 
Z2-Zi>0.6  and  a  partial  filling  of  the  peripheral  compart¬ 
ment,  or  with  a  shorter  length  and  active  material  of  rema- 
nence  larger  than  in  the  main  magnetic  structure.  It  should  be 
noted  that  this  compensation  of  the  field  distortion  is 
achieved  at  the  expense  of  a  minor  (approximately  3%)  re¬ 
duction  of  the  field  intensity  at  the  center  of  the  magnet. 

A  sandwich  structure  containing  three  compartments  in 
each  quadrant  separated  using  two  gaps  has  two  degrees  of 
freedom  and  can  therefore  be  used  to  compensate  the  open 
magnet  for  the  harmonics  q^  and  q^  simultaneously.  Neglect¬ 
ing  the  cross  coupling  between  the  two  sections,  the  field 


generated  by  each  section  can  be  computed  as  the  linear 
superposition  of  the  individual  fields,  and  the  elimination  of 
^3  and  qs  in  the  open  magnet  can  be  achieved  with  practical 
values  of  the  geometry  and  amount  of  active  material. 

IV.  CONCLUSIONS 

Active  material  placed  between  layers  of  ferromagnetic 
plates  can  be  designed  to  eliminate  the  lowest  order  coeffi¬ 
cients  qj  of  the  open  magnet.  Because  the  active  elements 
are  shielded  by  layers  of  ferromagnetic  material,  a  sandwich 
structure  act  as  a  spatial  filter,  eliminating  lower  order  spatial 
harmonics  without  introducing  high-order  coefficients  in  the 
harmonic  expansion. 

Compared  to  the  insertion  of  magnetic  material  alone, 
such  sandwich  structures  offer  the  advantage  that  the  preci¬ 
sion  of  the  fabrication  procedure  is  confined  to  the  shape  of 
the  ferromagnetic  components.  The  final  shimming  of  the 
magnet  is  achieved  by  changing  the  amount  of  magnetic  ma¬ 
terial  within  the  sandwich  without  concern  about  its  location. 
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Equivalent  structures  of  permanent  magnets  and  electric  currents 
designed  to  generate  uniform  fields 
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Generation  and  confinement  of  a  magnetic  field  by  means  of  permanent  magnets  as  well  as 
time-independent  electric  currents  are  analyzed,  and  the  conditions  of  existence  of  uniform  field 
solutions  are  established  in  the  general  case  of  structures  that  enclose  a  region  of  arbitrary  geometry. 
Basic  properties  of  distributions  of  the  electric  currents  are  compared  with  the  properties  of  yokeless 
structures  of  permanent  magnets  intended  to  generate  the  same  uniform  field  within  the  same  region. 


1.  INTRODUCTION 

Both  permanent  magnets  as  well  as  electric  currents  can 
be  designed  to  generate  and  confine  the  field  without  the 
need  for  shields  of  high  magnetic  permeability  materials.  In 
particular,  a  uniform  field  of  intensity  Hq  can  be  generated  in 
a  volume  Vq  of  totally  enclosed  by  a  volume  V„  which 
contains  either  a  distribution  of  magnetized  material  or  wind¬ 
ings  of  electric  cunents  designed  to  generate  no  field  outside 
V„ .  In  the  case  of  permanent  magnets,  if  the  magnetic  ma¬ 
terial  is  assumed  to  have  a  linear  demagnetization  character¬ 
istic  with  zero  magnetic  susceptibility,  the  medium  has  the 
magnetic  permeability  of  air  everywhere. 

II.  STRUCTURES  OF  PERMANENT  MAGNETS 

Assume  that  Hq  is  uniform  and  V„  is  composed  of  mag¬ 
netized  material  where  remanence  J,  intensity  H,  and  induc¬ 
tion  B  satisfy  the  equation 

B=MoH+J,  (1) 

where  ^  is  the  magnetic  permeability  of  a  vacuum. 

A  uniform  field  Hq  can  be  generated  in  a  closed  polyhe¬ 
dral  region  Vq  of  arbitrary  geometry.*  In  Fig.  1  is  a  face  of 
the  polyhedron  that  interfaces  with  region  .  In  general  V„ 
is  a  structure  of  polyhedrons  that  interfaces  with  Vq  and 
polyhedrons  Vh2  that  interface  with  the  surrounding  medium. 
Vectors  J*i  and  Ja2  are  the  remanences  of  regions 
and  the  dotted  line  is  the  line  of  flux  of  B.  The  computation 
of  the  remanences  is  provided  by  the  vector  diagram  of  Fig. 

2,  where  /jlq  is  assumed  to  be  unity.  One  observes  that  B^2  in 
region  Vi,2  is  parallel  to  interface  u/,  between  Vi,2  and  the 
surrounding  medium. 

On  an  interface  between  media  of  remanences  J*_,, 
the  remanences  induce  a  surface  charge  density  cr^ 

orh=nh-ih-i-h).  (2) 

where  ijhis  a.  unit  vector  perpendicular  to  the  interface  and 
oriented  from  the  medium  of  remanence  Ja-i  to  the  medium 
of  remanence  .  A  uniform  field  is  generated  everywhere  if 
the  values  of  o),  and  the  orientations  of  the  interfaces  satisfy 
the  condition 

n 

2  o’aTa=0  (3) 

A  =  1 

at  a  point  common  to  n  interfaces.*  On  each  interface  unit 
vector  T/,  is  parallel  to  the  interface  and  is  pointing  away 


firom  the  interface.  An  example  of  a  yokeless  permanent 
magnet  that  satisfies  Eq.  (3)  and  encloses  a  rectangular  pris¬ 
matic  cavity  is  shown  in  Fig.  3. 


III.  STRUCTURES  OF  ELECTRIC  CURRENTS 


Assume  now  that  the  same  polyhedral  region  Vq  is  en¬ 
closed  by  a  distribution  of  electric  currents  and  assume  an 
ideal  situation  where  the  currents  reduce  to  surface  distribu¬ 
tions  over  the  plane  interfaces.  In  Fig.  4  surface  current  den¬ 
sities  tA  >  *A+ 1  interfaces  Sa  )^a+ i  of  the 

boundary  of  Vp.  Interfaces  Sa»®a+i  intersect  each  other 
along  a  line  that  passes  through  point  5a  and  is  perpendicular 
to  the  plane  of  Fig.  4.  The  normal  components  of  the  inten¬ 
sities  are  continuous  across  S/,  and  the  tangential  components 
suffer  a  discontinuity 

tA~  */a><(Ha~Ho),  (4) 

where  tji,  is  the  unit  vector  perpendicular  to  S/,  and  oriented 
from  the  region  of  intensity  Hq  to  the  region  of  intensity  Ha  . 
The  currents  on  all  the  interfaces  are  perpendicular,  and  the 
magnetic  field  is  parallel  to  the  plane  of  Fig.  4.  A  surface 
current  density  must  be  generated  on  an  interface  in  Fig.  4 
in  order  to  satisfy  the  boundary  condition  between  the  two 
regions  of  intensities  Ha  ,  Ha+j. 

Assume  that  point  5a  is  common  to  n  interfaces  whose 
orientations  are  given  by  the  unit  vectors  Ta  defined  in  Eq. 
(3).  Assume  that  5a  coincides  with  the  origin  0  of  a  polar 
coordinate  system.  The  intensity  H  of  the  magnetic  field  at  a 
point  P  of  coordinates  can  be  written  in  the  form 


2  .A 
A  =  1 


TT 


+  H,,  (5) 


FIG.  1.  Schematic  of  a  yolceless  structure  of  permanent  magnets. 
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FIG.  S.  Individual  components  of  a  structure  of  currents. 


I 

i  I 


I 

i' 


j ; 


where  is  the  orientation  of  the  hih  interface  relative  to 
i/r=0  and  is  the  field  intensity  generated  by  the  other 
edges  of  the  n  interfaces  and  all  other  sources. 

In  Eq.  (5),  the  singularity  of  H  at  r=0  cancels  if  the 


I 


FIG.  2.  Vector  diagram  of  a  yokcless  magnetic  structure. 


FIG.  3.  Example  of  a  permanent  magnet.  One  octant  is  removed  to  show  the 
details  of  the  structure. 


HrO 


FIG.  6.  Structure  with  rectangular  prismatic  cavity.  Total  structure  (a).  Ex- 
FIG.  4.  Schematic  of  a  yokeless  structure  of  electric  currents.  ploded  view  (b). 
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cuftent  densities  and  the  orientation  of  the  interfaces.sat- 
isfy  the  condition 


the  region  of  interest  Vqj  to  the  total  energy  stored  in  the 
structure.*  In  the  case  of  a  permanent  magnet 


2)  ^hVh  — 0,  (6) 

where  f  is  the  unit  vector  oriented  along  the  line  common  to 
the  n  interfaces.  If  Hg  in  Eq.  (5)  is  uniform  and  Eq.  (6)  is 
satisfied  at  all  points  common  to  all  the  interfaces,  a  uniform 
field  is  generated  in  a  region  of  arbitrary  geometry  enclosed 
by  a  structure  of  surface  current  densities,  as  in  the  case  of  a 
structure  of  magnetic  materials  described  by  Eq.  (3). 

The  current  distribution  can  be  generated  by  a  structure 
of  independent  windings  around  each  region  V*  where  the 
field  has  the  intensity  (Fig.  5).  The  current  density  on  the 
surface  of  Vf,  is  perpendicular  to  H*  and  on  each  face  of 
it  is  equal  to 

tAt=-»;A*XH*,  (7) 

where  unit  vector  j;**  is  perpendicular  to  the  face  and  ori¬ 
ented  outwards  with  respect  to  .  The  superposition  of  the 
cunents  of  the  individual  windings  over  the  interfaces  satis¬ 
fies  the  boundary  conditions  between  the  regions  of  the 
structure.  In  particular,  if  interfaces  «a,«a+i  in  Fig-  4  are 
parallel  to  H*,  H/^+j  and  if  current  densities  on  Ha.Ma+i 
satisfy  Eq.  (6),  then  can  be  the  boundary  of  the 

structure  of  electric  currents  and  the  external  medium  where 
the  field  is  zero. 

Figure  6(a)  shows  a  structure  of  four  windings  designed 
to  generate  a  uniform  intensity  Hq  within  the  rectangular 
prismatic  cavity  Vq,  and  to  confine  the  field  within  the  struc¬ 
ture.  Intensity  Hq  is  assumed  to  be  perpendicular  to  a  face  of 
Vq.  Volume  Vq  is  enclosed  by  a  winding  with  cunent  density 
of  magnitude  i  o=Hq  oriented  perpendicular  to  Hq.  The  other 
three  windings  around  regions  ^,,^2,^3  channel  and  close 
the  flux  of  B.  The  exploded  view  of  the  structure  is  shown  in 
Fig.  6(b),  with  heavy  arrows  indicating  the  field  intensities  in 
the  four  components  of  the  structure.  The  current  distribution 
on  the  faces  of  ^,,^3  perpendicular  to  Hq,  performs  the 
function  of  deflecting  the  flux  generated  inside  Vq. 

The  quality  of  a  magnet  is  measured  by  its  figure  of 
merit,  M ,  defined  as  the  ratio  of  the  energy  of  the  field  inside 


M=— ,  (3) 

m 

where  l^o  is  the  energy  inside  Vq  and  W„  is  the  energy 
stored  within  the  magnetized  material  during  the  magnetiza¬ 
tion  process.  The  absolute  maximum  of  M  is  0.25  for  struc¬ 
tures  of  permanent  magnets.^  In  a  three-dimensional  struc¬ 
ture  Af  is  usually  of  the  order  of  0.1  or  smaller.  In  structures 
of  electric  currents 


-1 


o''o 


(9) 


where  the  sum  is  extended  to  all  components  V/,  of  the  struc¬ 
ture  with  the  exception  of  Vq.  In  the  example  of  Fig.  6,  Eq. 
(9)  yields 


M= 


Xi  1  Xn 

1+— -T-TT-  + - — 

yo  Sin  2ar 


il 

2yo 


tan  a 


(10) 


In  the  particular  case  of  a  cubic  cavity  Vq  with 
Xo=2yQ=2zQ,  Xi  =  2xq,  and  a=7r/4,  Eq.  (10)  yields 
A/ =0.125,  which  is  significantly  higher  than  what  can  be 
achieved  in  a  three-dimensional  permanent  magnet. 


IV.  CONCLUDING  REMARKS 

A  uniform  field  can  be  generated  in  a  cavity  enclosed  by 
a  structure  of  uniformly  magnetized  polyhedrons  if  the  ori¬ 
entation  of  the  interfaces  between  polyhedrons  and  the  sur¬ 
face  charge  densities  induced  on  the  interfaces  satisfy  Eq. 
(3).  The  uniform  field  in  the  same  cavity  can  be  generated  by 
a  structure  of  electric  currents  uniformly  distributed  on  plane 
surfaces  if  the  orientation  of  these  surfaces  and  the  surface 
cunent  densities  satisfy  the  equivalent  Eq.  (6). 


*M.  G.  Abele,  Structures  of  Permanent  Magnets  (Wiley,  New  York,  1993). 
^M.  G.  Abele  and  H.  Rusinek,  J.  Appl.  Phys.  67,  4644  (1990). 
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Thermal  magnetic  noise  due  to  eddy  currents  in  a  strip  wound  ferromagnetic 
core  at  4.2  K  (itbstract) 

Yu.  V.  Maslennikov 

Cryoton  Co.,  Troitsk,  Moscow 

O.  Snigirev 

Department  of  Physics,  Moscow  University,  Russia 

M.  Cerdonio,  G.  A.  Prodi,  and  S.  Vitale 

Department  of  Physics,  University  of  Trento,  Italy 

Many  applications  involving  high  impedance  signal  sources  and  use  of  the  low  input  impedance 
SQUID  magnetometer  would  take  advantage  of  the  use  of  low  noise  ferromagnetic  cores  in 
matching  transformers.  Noise  in  ferromagnetic  cores  at  liquid  helium  temperatures  has  been  shown 
to  be  limited  by  thermal  fluctuation  of  the  magnetization  for  the  two  following  cases:  for  bulk 
cores/  where  the  skin  effect  sets  a  low  frequency  (<100  Hz)  roll-offiof  the  effective  permeability, 
and  the  spectral  density  is  white  up  to  the  roll-off,  and  for  strip  wound  cores  at  frequencies  lower 
than  “^lOO  Hz,  where  magnetic  viscosity^  gives  origin  to  a  frequency  independent  imaginary 
permeability  and  correspondingly  to  a  l/ta  shaped  spectral  density.  Thanks  to  a  high  sensitivity  dc 
SQUID  magnetometer  we  have  now  been  able  to  measure  thermal  noise  due  to  the  skin  effect  in  a 
strip  wound  15-Atm-thick  Ultraperm  core  where  the  roll-off  frequency  is  =»1  MHz.  Data  for  the 
noise  are  in  quite  quantitative  agreement  with  the  prediction  of  the  fluctuation  dissipation  formula 
and  the  measured  values  of  p.(o)).  At  frequencies  lower  than  a  comer  ““I  kHz  the  noise  is  again 
dominated  by  the  l/w  tail  due  to  magnetic  viscosity.  We  discuss  the  relevance  for  applications. 


'S.  Vitale  et  al.,  J.  Appl.  Phys.  65,  2130  (1989). 
^G.  A.  Prodi  et  al,  1.  Appl.  Phys.  66,  5984  (1989). 


Design  of  fast  acting  actuators  for  cryogenic  valve  applications 
in  the  ARiANES-program  (abstract) 

Peter  Schiebener,  Alfred  Reiffer,  and  Karl  Smirra 

Deutsche  Aerospace  AG,  Space  Transportation  Systems  and  Propulsion,  81663  Muenchen,  Germany 

Presently  valve  developments  are  being  carried  out  for  the  new  European  space  launcher 
AR1ANE5.  In  the  case  of  the  tank  pressurization  and  helium  supply  system  valve  actuation  times  in 
the  order  of  20-50  ms,  liquid  hydrogen  and  liquid  helium  temperatures,  pressures  of  up  to  210  bar, 
and  the  need  of  a  very  compact  volume  lead  to  a  requirement  profile  of  the  valve  actuation  unit 
which  is  met  by  directly  controlled  solenoid  actuators  with  an  additional  permanent  magnet.  The 
modeling  of  the  magnetic  circuit  comprises  the  elements  of  permanent  magnets,  solenoids, 
ferromagnetic  materials,  and  several  airgaps.  The  solutions  of  the  model  are  gained  by  means  of  FE 
program  the  SYSMAGNA  (out  of  SYSTUS*)  which  is  capable  of  taking  into  account  not  only  the 
time  transients  of  the  developing  current  in  the  solenoid  but  also  moving  parts  in  the  magnetic  field, 
which  themselves  contribute  to  the  magnetic  flux  change.  The  results  of  major  interest  being 
calculated  are  the  force  versus  stroke  curves  and  the  current  versus  time  curves.  The  mechanical  and 
magnetic  properties  of  the  employed  materials  are  taken  either  from  available  data  sources  or  from 
critically  reviewed  measurement  data.  Additionally,  subsequently  needed  material  characterizations 
were  performed  at  ambient  down  to  r=4  K.  The  simulation  results  are  compared  to  static  and 
dynamic  test  results  and  show  good  agreement.  Finally  the  simulation  proves  to  be  very  helpful  to 
predict  and  explain  the  behavior  of  the  complete  valve  unit  consisting  of  actuator  and  flow  part. 
Even  effects  due  to  cryogenic  operation,  which  occur  in  the  integrated  valve,  may  be  analyzed. 
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Barkhausen  transitions  in  singie  iayer  and  bilayer  thin  permalloy  films 

G.  R  Farrell  and  E.  W.  Hill 

University  of  Manchester,  Department  of  Electrical  Engineering,  Manchester  M13  9PL,  England 

The  low  coercivity  of  uniaxial  thin  nickel-iron  multilayer  films,  prepared  according  to  E.  W.  Hill,  J. 

P.  Li,  and  J.  K.  Birtwistle  [J.  Appl.  Phys.  69,  4526  (1991)],  makes  them  attractive  for  magnetic 
sensor  applications.  Barkhausen  jumps,  causing  noise,  limit  the  performance  of  such  sensors.  It  has 
been  reported  [R.  F.  Soohoo,  J.  Appl.  Phys.  69,  5871  (1991)]  that,  for  any  given  sample  under 
identical  initial  conditions,  these  Barkhausen  jumps  are  deterministic  rather  than  noisy  in  nature. 

This  is  consistent  with  the  fact  that  the  defect  structure  of  a  given  sample  is  deterministic.  This  study 
compares  power  spectra  and  coercivity  distributions  from  Barkhausen  pulses  obtained  by  applying 
varying  alternating  fields  to  thin  permalloy  films.  The  effect  of  an  orthogonal  bias  field  is  also 
examined.  The  samples  under  examination  consist  of  both  single  layer  and  bilayer  films,  produced 
as  continuous  layers  by  vacuum  evaporation  and  ion  milled  into  40  mm  diameter  discs.  The 
permalloy  is  of  80/20  composition  and  has  a  total  thickness  of  100  nm.  The  bilayer  films  have  a 
nonmagnetic  tantdum  interlayer  of  thickness  5  nm.  The  rate  of  change  of  the  applied  field  was 
varied  between  2918.4  and  11.4  Oe/s,  at  an  initial  amplitude  of  90  Oe.  The  results  show  that  the 
Barkhausen  pulses  have  a  strong  deterministic  trend,  but  also  contain  a  smaller  nondeterministic 
component.  As  the  frequency  and  amplitude  are  decreased,  this  random  effect  becomes  larger.  As 
might  be  expected  when  an  orthogonal  bias  field  is  applied  to  the  samples,  the  amplitudes  of  the 
pulses  are  decreased.  The  films  also  exhibit  a  corresponding  reduction  in  coercivity. 


INTRODUCTION 

Despite  the  lower  coercivity  offered  by  thin  nickel-iron 
bilayer  films  as  compared  to  single  layer  films  of  the  same 
magnetic  layer  thickness,  the  noise  performance  of  bilayer 
films  may  be  a  more  important  consideration  in  considering 
them  as  thin  film  flux-switching  sensor  cores.  Examination 
of  the  switching  properties  of  both  single  layer  and  bilayer 
films  used  as  cores  in  fluxgate-type  sensors  shows  that  al¬ 
though  there  is  a  large  deterministic  effect,  which  provides 
an  envelope  for  the  shape  of  the  overall  transition,  there  is 
also  a  smaller  random  component  which  produces  variations 
from  cycle  to  cycle  (Fig.  1).  This  random  component  re¬ 
mains  even  when  identical  initial  conditions  are  ensured  by 
completely  sweeping  all  of  the  domains  from  the  material,  a 


Fir.  1  Sensor  output  from  consecutive  cycles.  Clear  differences  can  be 
seen  between  the  pulses,  although  the  general  shape  remains  similar. 


process  which  may  be  verified  by  using  the  Bitter  colloid 
method  for  domain  observation.  Such  observation  shows  that 
a  field  of  30-40  Oe  is  required  to  sweep  out  all  of  the  do¬ 
mains  from  a  disc  sample  100  nm  thick  and  40  mm  in  diam¬ 
eter.  By  treating  the  deterministic  effect  as  the  signal  contri¬ 
bution  and  the  random  component  as  the  noise  contribution, 
an  estimation  of  the  Barkhausen  noise  in  a  sample  may  be 
made. 

BACKGROUND 

As  the  switching  process  is  influenced  by  the  microstruc¬ 
ture  of  the  magnetic  layer,  which  is  fixed  and  hence  deter- 


FIG.  2.  (a)  The  coil  measurement  system.  The  sample  was  held  in  one  of  the 
sense  coils  and  the  trim  coil  used  to  balance  offsets  between  the  sense  coils. 
The  sample  was  swept  around  a  hysteresis  loop  by  the  field  generated  by  the 
drive  coils,  and  an  orthogonal  field  applied  by  the  bias  coils,  (b)  The  data 
capture  system.  Data  analysis  was  performed  on  a  HP  700  workstation. 
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Field  Sweep  R»<e(0e/5)  Devittion  from  Me«  Coeaivity 

0  •  bi'liyef 

FIG.  5.  (a)-(d)  Distribution  of  coercivity  from  the  mean  value  over  128 
FIG.  3.  The  variation  in  coercivity  with  field  sweep  rate.  cycles.  The  application  of  a  bias  field  causes  the  noise  in  the  single  layer 

film  to  increase  and  that  in  the  bilayer  film  to  decrease. 


ministic  for  a  given  sample,  it  is  reasonable  to  expect  the 
Barkhausen  transitions  to  also  have  a  deterministic  nature.* 
However,  it  is  also  important  to  consider  the  transitions  as 
the  movement  of  walls  over  energy  barriers,  which  will  be 
subject  to  the  effect  of  random  thermal  perturbations.  Thus, 
one  measure  of  the  noise  in  the  material  might  be  obtained 
by  examining  the  variations  in  the  coercivity  from  cycle  to 
cycle.  The  distribution  of  such  noise  might  be  expected  to  be 
Gaussian,  with  the  mean  value  equal  to  the  true  coercivity  of 
the  sample. 

A  second  method  of  illustrating  the  random  perturba¬ 
tions  may  be  achieved  by  considering  the  integrated  output 
of  the  sensor.  In  the  absence  of  noise,  this  will  have  the  form 
of  a  train  of  pulses  at  the  same  frequency  as  the  sweep  rate. 
If  noise  is  present  in  the  system,  however,  the  pulses  will 
exhibit  small  variations  in  frequency.  Thus,  a  power  spec¬ 
trum  should  show  an  underlying  trend  giving  the  noise 
power,  with  spikes  at  the  drive  frequency  and  its  harmonics. 
The  ratio  of  the  power  at  the  fundamental  frequency  to  the 
power  at  the  same  frequency,  with  the  effect  of  the  funda¬ 
mental  removed,  might  be  used  as  a  measure  of  the  deter¬ 
ministic  nature  of  the  effect. 

Assuming  that  one  source  of  the  noise  might  be  a  ran¬ 
dom  vs'-’ation  in  the  direction  of  rotation  of  the  magnetic 
moments  during  switching,  it  may  be  possible  to  reduce  this 
noise  by  creating  a  preferred  rotation  direction.  This  is 


Cycle  Number  layer 

*  •  ain^  layer  with  biM  field 
0  •  bi-layer 

* '  bi-U^  with  biaa  field 

FIG.  4.  (a)-(d)  Variation  in  coercivity  over  128  cycles.  A  reduction  coer¬ 
civity  is  observed  when  the  bias  field  is  applied. 


achieved  by  applying  a  small  orthogonal  hard  axis  bias  held 
to  the  samples.  One  consequence  of  such  a  bias  field  will  be 
a  reduced  output  from  the  sensor  as  the  dipoles  will  no 
longer  be  rotating  through  a  full  180“.  However,  if  the  noise 
is  reduced  significantly,  the  signal  to  noise  ratio  (SNR)  may 
be  improved. 

MEASUREMENT  METHOD 

The  cores  consist  of  100  nm  of  magnetic  material 
vacuum  evaporated  onto  a  100  /ttm  thick  glass  substrate,  with 
a  5  nm  tantalum  spacer  in  the  bilayer  films.^  Both  types  of 
film  were  produced  on  the  same  substrate  as  continuous  lay¬ 
ers,  at  a  temperature  of  300  “C  and  working  pressure  of 
2X10~’  mbar.  After  the  deposition,  40  nm  diameter  discs 
were  masked  off  using  a  photolithographic  technique  and  the 
films  were  ion  milled  to  produce  the  disc  shaped  samples 
required.  The  discs  were  then  mounted  on  thin  plastic  strips 
for  ease  of  handling. 

Measurements  were  performed  by  placing  a  sample  in  a 
coil  system  as  shown  in  Fig.  2(a).  The  coil  system  was  itself 
placed  in  a  six  layer  mumetal  enclosure.  The  field  was  swept 
linearly  in  time  around  the  hysteresis  loop  in  the  direction  of 
the  easy  axis  of  the  sample,  with  at  least  50  complete  cycles 


wngle  U>er  with  bias  field  W-teyer  with  bias  field 


Frequency  (Hz) 

FIG.  6.  (a)-(d)  Powtr  spectral  densities.  A  linear  trend  to  the  Barkhausen 
noise  is  observed,  with  peaks  at  the  effective  dnve  frequency  and  its  har¬ 
monics. 
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TABLE  I.  Power  law  dependence  on  frequency  and  signal  to  noise  ratio  results.  The  single  layer  film  maintains 
a  better  SNR  in  the  presence  of  a  bias  field,  despite  having  an  increased  noise  content.  The  bilayer  film  shows 
little  change  when  the  bias  field  is  applied. 


Power  law 

dependence  on 

Signal  to  noise  ratio 

frequency 

(V^/Hz) 

0  Oe  bias  field 

2  Oe  bias  field 

OOe 

2  0e 

bias 

bias 
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Noise 

Signal 

Noise 

field 
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(V^) 

(V^)  SNR 

(V^) 
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Single  layer 

-0.88 
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Bilayer 

-1.49 

-1.47 

1.1X10” 

2.3X10”  478 

1.1X10” 

2.2X10” 

500 

being  completed  before  any  measurements  were  taken  to 
provide  a  consistent  starting  point.  The  output  of  the  sensor 
and  the  conesponding  drive  field  were  captured  around  each 
cycle  via  a  12-btt  analog-to-digital  (A/D)  converter  running 
at  32  K  samples  power  second  per  channel.  In  all,  128  com¬ 
plete  cycles  were  captured  for  each  sample,  at  a  range  of 
field  sweep  rates  varying  between  2918.4  and  11.4  Oe/s  with 
an  amplitude  of  90  Oe.  Further  measurements  were  then 
taken  at  a  field  sweep  rate  of  22.8  Oe/s  and  the  same  ampli¬ 
tude,  with  an  orthogonal  bias  field  of  2  Oe  applied  in  the 
hard  axis  direction.  The  flow  of  data  through  the  system  is 
summarized  in  Fig.  2(b). 

RESULTS 

Figure  3  shows  the  apparent  coercivity  at  each  of  the 
field  sweep  rates.  A  trend  towards  higher  values  appears  at 
sweep  rates  greater  then  100  Oe/s,  possibly  due  to  the  induc¬ 
tance  effects  of  the  coil  system,  eddy  cunents  in  the  sample, 
or  the  effect  of  sampling  itself.  Therefore,  only  results  ob¬ 
tained  at  sweep  rates  lower  than  100  Oe/s  are  considered 
here. 

Figure  4  shows  the  variation  in  coercivity  for  each 
sample,  with  and  without  the  bias  field,  at  one  sweep  rate, 
namely,  22.8  Oe/s,  over  128  cycles.  The  value  for  coercivity 
is  obtained  by  integrating  the  pulses  from  each  cycle,  and 
taking  the  average  of  the  field  values  at  the  median  points. 
The  mean  coercivity  for  each  sample  in  the  absence  of  any 
bias  field  agrees  well  with  the  value  measured  by  plotting  the 
hysteresis  loops  on  a  magnetometer.  Figure  5  shows  the  dis¬ 
tributions  of  the  coercivicites,  centered  at  zero  for  compari¬ 
son  purposes.  With  no  bias  field,  the  single  layer  film  has  a 
standard  deviation  of  0.0224  Oe,  compared  with  0.0260  Oe 
for  the  bilayer,  suggesting  that  the  noise  in  the  two  films  is 
similar.  The  distributions  are  not  truly  normal,  as  expected, 
but  instead  exhibit  some  positive  skew.  This  would  suggest 
an  asymmetncal  hysteresis  curve  as  the  material  is  swept 
from  one  saturation  state  to  the  other,  with  more  but  smaller 
pulses  as  the  film  re-enters  saturation  due  to  the  pinning  of 
small  domains  at  the  edges  of  the  material.  When  the  film  is 
subjected  to  an  orthogonal  hard  axis  bias  field  of  2  Oe,  ap¬ 
proximately  one-half  of  the  anisotropy  field  of  the  material, 
the  standard  deviations  are  0.0324  Oe  for  the  single  layer  and 


0.0137  Oe  for  the  bilayer.  Thus,  the  noise  in  the  single  layer 
film  has  increased  and  that  in  the  bilayer  film  has  decreased. 
This  is  contrary  to  expectations,  which  suggested  that  the 
noise  in  both  films  should  be  decreased.  The  distributions 
appear  to  be  more  normally  shaped,  indicating  more  symme¬ 
try  in  the  hysteresis  loop  around  the  switching  point. 

A  comparison  of  the  graphs  in  Fig.  4  shows  that  when 
the  bias  field  is  applied  the  coercivities  of  each  film  are  re¬ 
duced  by  around  0.2  Oe,  probably  due  to  an  initial  partial 
rotation  of  the  magnetization. 

Figure  6  shows  power  spectra  for  the  samples,  both  with 
and  without  the  bias  field.  The  power  law  dependence  on 
frequency  is  equal  to  the  gradient  of  the  line,  and  this  value 
and  the  signal  to  noise  ratio  for  each  sample  are  given  in 
Table  I  below. 

These  results  show  that  for  the  single  layer  the  bias  field 
has  a  significant  effect,  increasing  the  power  law  dependence 
on  frequency  and  dramatically  reducing  the  SNR  due  to  a 
reduced  signal  level  and  an  increased  noise  level.  For  the 
bilayer  film,  the  eff'JCt  of  the  bias  field  is  reversed;  the  power 
dependence  on  frequency  is  reduced  and  the  SNR  is  in¬ 
creased,  although  thi>  effect  is  small  due  to  a  similar  reduc¬ 
tion  in  both  the  signal  and  noise  levels.  Overall,  however,  the 
single  layer  film  still  has  the  better  SNR. 

CONCLUSIONS 

Both  the  single  layer  and  bilayer  films  show  determinis¬ 
tic  and  nondeterministic  components,  with  the  nondetermin- 
istic  components  being  similar  in  the  absence  of  any  bias 
field.  A  small  hard  axis  bias  field  reduces  the  nondeterminis¬ 
tic  component  in  the  bilayer  film,  but  increases  it  in  the 
single  layer.  Further  work  is  required  to  relate  this  study  to 
actual  magnetization  distributions  in  thin  films. 
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The  equation  of  motion  for  ferromagnetic  domain  walls  is  compared  with  initial  permeability 
measurements  of  Co-based  soft  ferromagnetic  amorphous  ribbons  at  frequencies  in  the  range  100 
Hz-13  MHz.  The  analysis  of  these  results  by  complex  permeability  methods  leads  to  an  equivalent 
circuit  formed  by  a  parallel  RL  anangement  in  series  with  a  small  resistance  Ry/  due  to  resistance 
of  the  measurement  coil.  This  equivalent  circuit,  however,  cannot  model  the  irreversible 
magnetization  behavior  for  fields  higher  than  the  pinning  (or  propagation)  field.  It  is  shown  that  the 
equation  of  motion  is  also  consistent  only  with  the  reversible  magnetization  mechanism,  if  the 
displacement  term,  x,  represents  instead  the  bulging  of  the  pinned  wall.  The  conelations  between 
the  terms  in  the  equation  of  motion  and  the  elements  of  the  equivalent  circuit  are  established. 


i.  INTRODUCTION 

Domain  wall  dynamics  in  soft  ferromagnetic  materials 
are  expected  to  be  described  by  an  equation  of  the  form*’^ 

m  dhldt^+l3dxldt+ax=2M^it),  (1) 

where  m  is  the  effective  wall  mass,  y3  is  the  viscous  damping 
factor,  a  the  restoring  force,  Af ^  the  saturation  magnetiza¬ 
tion,  H(t)  the  time-dependent  field,  x  the  wall  displacement, 
and  t  the  time.  The  domain  structure  is  assumed  to  have  a 
linear  geometry  with  180°  walls  with  d  spacing;  magnetiza¬ 
tion  variations  are  produced  by  displacements  of  flat  walls. 
An  interesting  approximation,  leading  to  the  concept  of 
propagation  or  pinning  field,  is  the  displacement  of  domain 
walls  at  a  constant  velocity,  v,  under  the  “pressure”  of  a 
constant  field,  H.  Since  the  acceleration  and  restoring  force 
terms  dissappear.  Eq.  (1)  becomes 

v=CH,  (2) 

where  C=2MJP  is  the  mobility.  Experimentally,  these  con¬ 
ditions  clearly  showed^  the  existence  of  a  “propagation”  or 
“pinning”  field,  Hp,  below  which  there  is  no  wall  displace¬ 
ment.  Therefore,  Eq.  (2)  should  be  written 

v=-C{H-Hp),  (valid  for  H^Hp).  (3) 

Equation  (1)  can  be  solved"*  for  the  stationary,  forced  oscil¬ 

lation  condition  of  a  driving  field  H=Hq  exp(-;wr),  in 
terms  of  the  real  and  imaginary  parts  of  the  susceptibility,  x- 
For  high-permeability  materials,  4TTX~fi,  the  real  and  imagi¬ 
nary  parts  of  the  permeability  can  be  written  as 

/ji,'  =  fioa/[a^+{^a)f],  (4) 

(5) 

where  fi'  and  /x"  are  the  real  and  imaginary  parts  of  the 
permeability,  respectively,  j  is  (-1)*^,  /Xg  is  the  low- 
frequency  limit  of  the  permeability,  (o  is  the  angular  fre¬ 
quency,  and  Hq  the  amplitude  of  the  applied  field.  Two 
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simple  cases  can  be  considered,  depending  on  the  relative 
values  of  the  effective  mass  and  the  damping  terms:  if 
a  relaxation  occurs  at  a  relaxation  frequency 

(Ox=  a!  p.  (6) 

If  m~/8,  the  dispersion  has  a  resonant  character  with  a  reso¬ 
nance  frequency 

a)j=(a/m)’'^  (7) 

To  our  knowledge,  however,  these  equations  have  never  been 
used  to  describe  domain  wall  displacements  {H>Hp)  as  a 
result  of  cyclic  fields.  Experimental  spectra  corresponding  to 
the  bulging  mechanism  (or  initial  permeability,  H<Hp)  are 
usually  closer  to  the  relaxation  behavior,  both  in  ceramic 
materials^'^  and  in  amorphous,  metallic  alloys;’  in  a  few 
cases,  a  resonant  character  has  been  observed,*’®  but  this  also 
for  the  initial  permeability  conditions. 

In  this  article,  we  present  measurements  of  complex  per¬ 
meability  as  a  function  of  frequency  in  amorphous  soft  fer¬ 
romagnetic  ribbons  for  {H<Hp)\  these  results  are  analyzed 
in  terms  of  an  equivalent  circuit  and  compared  with  the 
equation  of  motion. 

II.  EXPERIMENT 

The  preparation  of  toroids  by  wound  ribbons  of 
Vitrovac®  6025  (nominal  composition  Co66Fe4Mo2Sii6Bi2, 
prepared  by  melt  spinning  by  Vacuumschmelze),  as  well  as 
the  measurement  techniques  have  been  described  elsewhere.’ 
Prior  to  magnetic  measurements,  ribbons  were  annealed  at 
300  °C  for  2  h  in  argon  atmosphere  to  relieve  stresses  pro¬ 
duced  during  the  preparation  process.  Complex  permeability, 
/X*,  is  determined  from  impedance,  Z*,  by 

li*  =  {-jKlo))Z*,  (8) 

where  K  is  the  geometrical  factor.’ 

III.  EXPERIMENTAL  RESULTS 

Real  permeability  spectra  at  low  fields  showed  a  con¬ 
stant  behavior  at  low  frequencies,  followed  by  a  dispersion 
with  a  relaxation  character.  Fig.  1.  A  small  permeability 
value  subsists  for  the  high  frequency  range  studied.  All  ex- 
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FIG.  1.  Real  penneability  spectra  (a)  for  field  amplitude  of  H=Q.S  A/m 
{Hp~0.6  A/m),  and  (b)  H=0.S  A/m. 


FIG.  3.  Imaginary  part  of  the  permeability  as  a  function  of  frequency  for  the 
low  field  experiment. 
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periments  performed  at  /f  <0.4  A/m  (5  mOe)  resulted  in  the 
same  curve.  For  higher  fields,  the  permeability  for  low  fre¬ 
quencies  depended  on  the  field  value,  but  as  frequency  in¬ 
creased,  all  the  curves  merged  into  the  low  field  plot,  and 
therefore  the  relaxation  behavior  was  the  same  for  all  of 
them,  independently  of  the  field.  Fig.  1.  A  useful  data  repre¬ 
sentation  is  the  complex  permeability  plot,  fi'  vs  fi".  Fig.  2. 
For  H<Hp ,  a  vertical  spike  is  followed  by  a  semicircle,  as 
frequency  increases,  whereas  for  fields  higher  than  Hp ,  the 
spike  becomes  inclined  and  deviates  from  the  semicircle  be¬ 
ginning.  A  third,  complementary  plot  is  the  /t"  spectrum.  Fig. 
3,  where  the  relaxation  frequency  appears  as  a  maximum.  In 
simple  cases,  it  is  possible  to  guess  the  equivalent  circuit 
describing  the  experimental  results  from  the  geometry  of  this 
plot.  In  the  present  case,  the  obtained  semicircle  can  be  as¬ 
sociated  with  a  parallel,  RL  arrangement.  The  presence  of  a 
vertical  “spike”  in  Fig.  2  and  a  (-1)  slope  for  the  low  fre¬ 
quency  range  in  Fig.  3  indicate  an  additional  resistance  term, 
in  series  with  the  parallel  arrangement.  It  can  be  shown^ 
that  this  term  is  simply  the  coil  resistance. 

The  permeability  behavior  at  fields  higher  than  the 
propagation  field  cannot  be  modeled  by  means  of  an  equiva¬ 
lent  circuit  with  ideal  RL  elements,  since  inclined  spikes 


FIG.  2.  Complex  penneability  plot  for  samples  of  Fig.  1. 


such  as  those  in  Fig.  2  involve  impedances  where  the  real 
part  also  depends  on  frequency.  Warburg  impedances  of  the 
form  Zw={\+j)(o^A,  where  S  and  A  are  constants,  have 
been  suggested'*^  to  represent  these  results. 

The  relaxation  frequency,  ct>^,  can  be  determined  from 
the  maximum  in  plots.  Fig.  3;  it  conesponds  to  the 
condition  /u'=/i,"=/q)/2  and  is  therefore  related  to  the 
equivalent  circuit  elements  given  by  the  relationship 

a),=R/L.  (9) 

Relaxation  frequency  has  been  verified’  to  correspond  to 
the  intrinsic  domain  wail  relaxation  frequency  and  not  to  a 
parasitic,  electrical  relaxation. 

IV.  DISCUSSION 

The  complex  permeability  analysis  allows  the  resolution 
of  three  magnetization  mechanisms;  at  H<Hp,  domain 
walls  are  pinned  to  defects  and  the  field  produces  a  reversible 
bulging,  responsible  for  initial  permeability.  M  frequency 
increases,  a  relaxation  occurs  resulting  in  a  decrease  of  per¬ 
meability;  a  small  permeability  value,  presumably  due  to  the 
spin  rotation  mechanism,  which  is  expected  to  have  the 
smallest  time  constant,  persists  at  the  highest  measuring  fre¬ 
quency  in  our  system. 

For  high  fields  (H>Hp),  domain  walls  are  unpinned  and 
displaced;  however,  this  mechanism,  possessing  a  large  time 
constant,  involves  several  steps  (bulging,  unpinning,  dis¬ 
placement,  repinning  in  a  new  position,  debulging,  etc.)  in 
each  cycle,  and  cannot  be  modeled  by  means  of  ideal  ele¬ 
ments  in  the  equivalent  circuit. 

From  this  analysis,  it  appears  that  the  mechanism  re¬ 
sponsible  for  the  observed  relaxation  is  wall  bulging.  If  x  is 
the  bulging  of  the  wall  (and  assuming  a  given  geometry  for 
the  deformation),  experimental  results  can  be  represented  by 
Eq.  (1),  as  well  as  by  the  parallel  RL  circuit.  Since  the  use  of 
the  equivalent  circuit  approach  has  many  advantages,  it 
would  be  very  useful  to  find  some  associations  with  the 
terms  in  the  equation  of  motion  approach. 

'Die  term  of  equivalent  inductance  L  is  clearly  related  to 
initial  permeability  by  the  geometrical  factor  {fj^=KL).  The 


i 

\ 

i 


\ 

i 


I 

1 


i 

f 


J.  Appl.  Phys.,  Vol.  75,  No.  10,  15  May  1994 


Aguilar-Sahagun  et  al.  7001 


permeability  value  therefore  depends  on  the  extent  of  wall 
bulging,  which  in  turn  depends  on  the  domain  wall  energy,  y. 
A  domain  wall  pinned  along  two  edges  with  a  cylindrical 
bulging  has  a  dc  permeability^ 

Aio=(8irM2d)/(9y),  (10) 

where  d  is  the  distance  between  pirming  edges  and  y  is  the 
wall  energy.  The  restoring  force  terms  depends^  on  the  wall 
energy  as 

a=18y/d2.  (11) 

L  is  therefore  related  to  a  by  the  expression 

L  =  [i6iTM^,/Kd]{l/a).  (12) 

Due  to  its  dissipative  nature,  the  damping  term,  p,  should  be 
related  to  the  equivalent  resistance,  R.  From  the  expressions 
for  the  relaxation  frequency,  Eqs.  (6)  and  (9),  and  taking  into 
account  Eqs.  (10)-(12) 

R=[167rMj/Kd]{l//3).  (13) 

In  order  to  obtain  a  resonance,  a  non-negligible  effective 
mass  and  a  capacitance  are  needed  in  the  equation  of  motion 
and  the  equivalent  circuit  approaches,  respectively.  At  this 
point,  and  taking  into  account  the  form  of  (7)  and  that  of 
a  resonant  circuit,  Wj=(l/IC)*^^,  it  can  be  shown  that 

C  =  [Kd/16-irMl]m.  (14) 

These  correlations  are  extremely  useful  since  some  of  the 
microscopic  parameters  such  as  wall  energy,  damping,  and 
pinning  can  therefore  be  evaluated  through  the  circuit  ele¬ 
ments  from  simple,  macroscopic  measurements  as  a  function 
of  frequency. 


V.  CONCLUSIONS 

It  has  been  shown  that  the  equation  of  motion  for  do¬ 
main  walls,  in  its  simple  form,  can  describe  the  dynamics  of 
pinned  domain  walls  if  the  displacement  term,  x,  represents 
instead  the  wall  bulging.  Domain  wall  displacements  in  real 
materials,  involving  a  threshold  field  and  bulging  are  too 
complex  to  be  described  by  this  equation.  It  has  also  been 
shown  that  the  equivalent  circuit  approach  is  consistent  with 
the  equation  of  motion  for  the  bulging  mechanism.  Finally, 
the  correlations  between  the  terms  in  both  models,  Eqs.  (12), 
(13),  and  (14),  have  been  established. 
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The  pinned  domain-wall  (DW)  structure  is  investigated  using  a  perturbational  approach  in  terms  of 
the  inverse  quality  factor  l/j2  and  the  ratio  of  being  the  component  magnetic  field 

parallel  to  the  anisotropy  axis,  being  the  anisotropy  field).  The  parallel  component  field  gives  rise 
to  asymmetric  boundary  conditions  which  asymmetrize  the  DW  structure.  Dependence  of  the  DW 
energy,  static  DW  structure,  and  width  on  the  orientation  and  the  strength  of  the  magnetic  field  has 
been  evaluated  and  the  corresponding  Kondorsky  fimction  obtained. 


I.  INTRODUCTION 

The  structure  of  a  resting  domain  wall  (DW)  under  the 
action  of  an  external  magnetic  field  has  already  been  treated 
in  a  number  of  articles  (see  Refs.  1  and  2  and  the  references 
therein).  Nevertheless,  the  case  of  having  the  magnetic  field 
arbitrarily  oriented  with  respect  to  the  wall  normal  and  the 
anisotropy  axis  has  not  been  sufficiently  investigated  to  date. 
Such  a  problem  may  be  considered  as  a  reasonable  one  if  the 
material  has  a  high  enough  coercivity  since  otherwise,  the 
presence  of  a  component  field  along  the  anisotropy  axis 
could  lead  to  the  DW  movement. 

Consider  a  uniaxial  magnetic  material  with  the  material 
quality  factor  Q  iQ~KI2-TrMj,K  being  the  anisotropy  con¬ 
stant  and  Mj  the  saturation  magnetization)  larger  than  unity 
and  a  high  enough  coercivity  field,  but  far  less  than  the  an¬ 
isotropy  field,  Hc<Hk  (Hx=2KIM).  The  DW  is  consid¬ 
ered  to  be  pinned  and  parallel  to  the  x-z  plane,  and  the  z  axis 
coincides  with  the  anisotropy  axis  of  the  ferromagnet.  The 
orientation  of  the  external  magnetic  field  is 

H=//(sin  dfi  cos  i//n,sin  6n  sin  <i'//,cos  $/])■ 

The  polar  axis  is  along  the  anisotropy  axis.  There  is  one 
restriction  imposed  on  the  external  field.  It  requires  the  com¬ 
ponent  field  along  the  anisotropy  axis,  denoted  as  //g,  to  be 
less  than  the  coercivity  field  of  the  material, 

In  this  article  we  present  a  detailed  analysis  of  the  effect 
of  external  field  on  the  distribution  of  the  magnetization  in¬ 
side  domains  and  the  DW.  The  variation  of  the  DW  energy, 
etc.,  are  expounded.  A  new  Kondorsky  function'*"*  based  on 
the  DW  energy  obtained  herewith  is  also  presented. 

II.  DOMAIN-WALL  STRUCTURE 

The  energy  density  for  a  DW  in  a  uniaxial  ferromagnet 
may  be  written  as  follows: 

W=K[A|(i^'^-(-sin^  d<p'^)  +  (sin  -d  sin 

-2h,  sin  ^  cos(v’-t('//)  +  sin^  d-2hg  cos  d],  (1) 

where  ^  is  the  polar  angle,  ip  the  azimuthal  angle  of  the 
magnetization  vector,  ^=AIK  is  the  width  of  the  Bloch 
wall;  A  is  the  exchange  stiffness  constant;  d’=d^/dy, 
ip'^dipldy,  h,=hsindu  is  the  transverse  external  field 
component;  h»=h  cos  6^  is  the  longitudinal  field  compo- 
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nent;  h=H/HKi  and  fi  is  the  limiting  value  of  the  magneti¬ 
zation  component  normal  to  the  DW  when  it  is  at  a  distance 
from  the  DW  inside  domains.  The  term  proportional  to  Q~^ 
describes  the  demagnetization  field  contribution  to  the  en¬ 
ergy.  This  term  can  be  obtained  naturally  by  means  of  solv¬ 
ing  the  demagnetization  integral^  subjected  to  continuity 
conditions  normal  to  the  DW  plane. 

The  equilibrium  orientations  of  the  magnetization  vec¬ 
tors  inside  domains  are  obtained  by  means  of  the  variation  of 
the  energy  density, 

H'o=K[sin^  ^-2h,  sin  ^  cos((p-tf/f{)-2hn  cos  ff], 

(2) 

from  which  it  is  easy  to  obtain 

sin 'd  cos  ^-h,  cos  d-t-fig  sin  d=0,  (3) 

<P=  'Ph-  (4) 

It  is  worthy  of  note  that  two  solutions  of  the  Eq.  (3)  have  the 
form 

d,  =  i?,o,  and  1^2=^“ ’^20-  (5) 

which  serve  as  the  boundary  conditions  for  the  determination 
of  the  magnetization  distribution  inside  DW.  The  angles  tJiq 
and  ^20  3re  the  solutions  of  the  equations* 

sin  ‘djo  cos  cos  ■djoA{-iy~^h\\  sin 

;=1,2.  (6) 

The  equations  describing  the  distribution  of  the  magnetiza¬ 
tion  inside  the  DW  may  be  obtained  by  the  variation  of  Eq. 
(1).  As  a  result  we  obtain 

A|^"-sin  d  cos  d^'^-sin  d  cos  ^ 

-!2"*(sin  d  sin  <p-fi)cos  sin  ip 

-t-A,  cos  cos(9-i/';/)-/i|l  sin  ^=0,  (7) 

(sin^  d^')'-Q"‘(sin  d  sin  <p-/i)sin  d  cos  ip 

-h,  sin -d  sin{<p- il/fj)  =  0.  (8) 

To  look  for  the  solution  of  Eqs.  (7)  and  (8)  for  materials  with 
a  large  Q  value  we  represent  the  magnetization  angles  in  the 
following  form: 

^(y)=^«»(y)-ke-'^(y),  <P=<P^%)+Q-^<P(y),  (9) 

where  and  <p^°\y)  are  the  zeroth-order  solution,  re¬ 

spectively,  of  d  and  <p.  Upon  substitution  of  Eq.  (9)  into  Eqs. 
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FIG.  1.  Variation  of  the  polar  angle  of  the  magnetization  along  the  wall 
normal  u  {=yllig)  for  several  values  of  Ofi  at  A  =0.3. 


FIG.  3.  Variation  of  the  Kondorsky  function  vs  the  held  angle  6^  for  several 
h  values.  The  data  points  were  from  Ref.  3  for  barium  ferrite. 


(7)  and  (8)  we  get  a  new  system  of  equations  in  accordance 
with  the  order  parameter  Q~^.  In  the  zeroth  order,  we  obtain 

A|i>^®^'-sin  cos  cos 

-h,  cos  cos(^^®*-i/t//)-/i||  sin  i^*®'=0,  (10) 

(sin^  sin  d^®^  sin(^^®*-|/t//)=0.  (11) 

Equation  (11)  has  a  solution  corresponding  to  a 

deviation  of  the  azimuthal  angle  inside  domain  from  its  ini¬ 
tial  equilibrium  value  ip=0  due  to  the  action  of  an  external 
field.  Substituting  this  into  Eq.  (10)  we  obtain 

A|d*®*"-sin  iJ^®*  cos  cos  i^^®*-/t|j  sin  d^®^=0, 

(12) 

This  equation  is  exact.  To  solve  this  equation  we  need  the 
boundary  conditions  set  forth  in  Eq.  (6)  which  describes  the 
magnetization  distributions  inside  domains.  Note  that  is 
assumed  to  be  small,  satisfying  the  condition 

in  keeping  with  the  earlier  assumption.  From  ^01 
and  ^02  given  in  Eqs.  (5)  and  (6)  one  obtains 

sin  i^io=sin  do-Aj|  tan  -dQ/cos  i)o, 

sin  Ian  Ian  -dQ/cos  ■dg.  ''  ' 

These  equations  describe  the  boundary  conditions  for  the 
magnetization  distributions  inside  domains  1  and  2,  in  which 


FIG.  2.  Variation  of  the  reduced  DW  width,  A/Ag ,  vs  the  field  strength  for 
several  field  angle  0n’^. 


sin  •  Thus,  the  conesponding  first  integral  in  domains 
1  and  2  is  slightly  different  from  each  other.  The  first  integral 
of  Eq.  (12)  is  expressed  as 
2 

=  (sin  1^-sin  do)^-2/t||(cos  ■&+cos  i^o) 

+  /j|  tan  do,  (14) 

where  d(«)*d^®^(«)  and  u^y/^g  for  brevity;  the  minus 
and  plus  sign  refers  to  domains  1  and  2,  respectively,  sepa¬ 
rated  by  the  DW. 

The  solutions  describing  the  distribution  of  the  magneti¬ 
zation  inside  domains  1  and  2,  lying  in  the  intervals  -<» 
<i.*s:0  and  O^mssoo,  i.re 


A I  sinh  Wi 

2  cosh  wi  +  sin  do 

3  tan  do  sinh  W]) 
cosh  Wj  +  sin  do/’ 


sin  d2=sin  do+ 


cos^  do 

cosh  W2+sin  do 


/i|  sinh  W2 
2  cosh  M'2+sin  do 


tan  do+e’  ”'2  sec  do 


3  tan  do  sinh  h'2 
cosh  ^2+8^  do 

up  to  the  first  order  in  hp  In  these  formulae 
=  «  cos  do/(l+a/i|),  a =1+2  sin^  do/2 cos^  do.  For  small 
Ajj,  the  above  results  reduce  exactly  to  the  earlier  one.’ 


III.  DW  ENERGY  AND  DW  WIDTH 

F.quations  (15)  and  (16)  describe  an  asymmetric  DW 
structure.  Making  use  of  these  expressions  the  energy  density 
of  the  DW  is  expressed  as 
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I 

i 

f 

» 

I 


^DW~J  <^3’(^DW“^Z)) 

/+Ag  cos  do 


=/i: 


A| 


^  A  cos  do 

where  A  is  a  field-dependent  DW  width,  and 


(17) 


/(^o.*||)=2 


g(^o.^||)  =  2 


TT 


COS  do-hr  -do  sin  d. 


+/«jfF(do),  (18) 


j2+sin^  ifrff 


ir 


cos  do-  j  -■^0  sin 


-AfG(do). 


(19) 


In  these  expressions 


F(do)=-sec^  do 


1-sin^  do- 


1+sin^  do 


I  _  ->  1 -sin  do 

X  (v5-l)tan^  do+lnr - 

\  "2  cos^  do 


G(do)=*sec^  do 


[2  In  2  sin^  do+ln  2-2 


1  +  sin^  do 

•f*  .  w  '  ' 

4  COS'*  do 


V 


cosdo-|  j-do)sindo 


(20) 


(21) 


,  (22) 


in  which  the  contributions  on  the  order  of  C*  are  omitted 
from  the  above  expressions. 

Upon  minimization  of  Eq.  (17)  with  respect  to  A  the 
effective  DW  width  can  be  expressed  as 

A|/(do,;n) 

cos^  dog(do,/i||)  ’ 


A2=- 


(23) 


and  the  DW  energy  density  is 

0"= JO'O  V/(  .1»||)8(  .^||) .  (24) 

where  Co  =  4  yjAK  is  the  Bloch  wall  energy  density  in  the 
absence  of  the  external  magnetic  field. 

The  dependence  of  the  DW  energy  on  the  external  field 
orientation  can  be  obtained  easily  by  substitution  of  the  ex¬ 
pression  sin  do=/t  sin  dfi  into 


(T=ao 


TT 


COS  do-  y- do) sin  do 


+  0(/«f) 


7fp(d)= 


HpjO) 
cos  6h 


yjl-h^  sin^  sin  On 


X 


-arcsin(A  sin  0h) 


+0{hj). 


(26) 


IV.  NUMERICAL  RESULTS 

The  variation  of  the  asymmetric  DW  structure  versus 
polar  angle  across  the  DW  at  a  constant  h  value  based  on 
Eqs.  (15)  and  (16)  is  shown  in  Fig.  1.  Due  to  the  presence  of 
A||,  the  terms  in  the  large  parentheses  in  Eq.  (16)  may  change 
sign  at  some  large  field  angle  6*//  in  domain  2  when  the  field 
strength  h  increases.  This  makes  the  curves  for  the  variation 
of  mapetization  polar  angles  in  domain  2  reverse  its  proper 
order  for  d^>7r/2.  Note  that  there  are  three  curves  crowded 
together,  almost  falling  onto  a  single  one,  with  the  0/f=7r/6 
curve  coming  down  at  the  bottom,  and  that  the  two  curves 
and  ir/2  cross  at  m~3.  Clearly,  a  symmetric  wall 
will  result  provided  only  if  ^11=0. 

Fipre  2  shows  the  variation  of  the  reduced  DW'  width 
A/Aj5  based  on  Eq.  (23)  versus  the  field  strength  for  several 
6*//’s.  For  small  h  values,  the  change  in  the  wall  width  is  seen 
to  be  relatively  limited.  At  Of] -90°,  we  see  that  the  wall 
width  goes  to  «  as  h—^^,  as  expected. 

The  DW  energy  function  along  with  the  new  Kondorsky 
function  are  shown  to  depend  only  on  /t||  quadratically  de¬ 
spite  a  linear  dependence  on  /t|  in  the  boundary  conditions, 
1^.  (13).  Numerical  evaluation  of  the  new  Kondorsky  func¬ 
tion  shows  an  appreciable  improvement  over  the  previous 
results'*"®  when  the  transverse  field  component  gets  more 
important,  or  as  9^  becomes  larger  than  ~75‘’.  Figure  3 
shows  the  variation  of  the  Kondorsky  function  versus  the 
field  angle  6^  for  several  h  values.  The  data  points  were 
taken  from  Ref.  4  for  barium  ferrite. 

In  summary,  it  is  shown  that  the  in-plane  field  parallel  to 
the  DW  plane  gives  rise  to  asymmetric  boundary  conditions 
which  asymmetrize  the  DW  structure  and  modify  the  DW 
energy,  and  the  corresponding  Kondorsky  function. 
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sin^  9if-h  sin  Ofj 


X 


—  -arcsin(A  sin  9n) 


+0(hj). 


(25) 


Using  Eq.  (25)  a  new  Kondorsky  function  can  be  expressed 
as 


'A.  Molozemoff  and  J.  Slonczewski,  Magnetic  Domain  Wails  in  Bubble 
Materials  (Academic,  New  York,  1979). 

^G.  A.  Jones  and  B.  K.  Middelton,  Int.  J.  Magn.  6, 1  (1974). 

^C.  T.  Teh,  M.S.  thesis.  National  Thiwan  University,  1993. 

^F.  Schumacher,  J.  Appl.  Phys.  70,  3184  (1991). 

’T.  Y.  Lee  and  H.  L.  Huang,  J.  Appl.  Phy.s.  74,  495  (1993). 

‘H.  L.  Huang  and  V.  L.  Sobolev,  IEEE  Trans.  Magn.  29,  2539  (1993). 

’V.  L  Sobolev,  S.  C.  Chen,  and  H.  L.  Huang,  Chin.  J.  Phys.  (Taipei)  31, 
403  (1993). 


J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Teh,  Huang,  and  Sobolev  7005 


Susceptibility  of  current-cariying  iron  whiskers 

J.  -G.  Lee  and  A.  S.  Arrott 

Simon  Fraser  University,  Burnaby,  British  Columbia  Canada  V5A  1S6 

The  magnetization  pattern  of  an  iron  whisker  can  be  altered  by  passing  a  dc  cunent  along  its  axis. 
Changes  in  the  resistance  and  the  ac  susceptibility  are  used  to  deduce  the  domain  structures  and  how 
they  change  with  dc  currents  and/or  dc  magnetic  fields,  applied  along  the  axis.  The  magnetization 
curls  around  a  central  core  that  is  magnetized  along  the  whisker  axis. 


We  attempt  to  deduce  magnetization  patterns  in  iron, 
whiskers  carrying  current  in  magnetic  fields  from  ac  suscep¬ 
tibility  and  dc  magnetoresistance  measurements.  When  a  suf¬ 
ficient  current  flows  along  the  long  [001]  axis  of  an  iron 
crystal  with  {100}  surfaces,  the  magnetization  pattern 
changes  from  a  structure  that  is  primarily  magnetized  in 
±[001]  to  one  where  the  magnetization  circulates  about  that 
axis  in  the  plane  of  the  square  cross  section.*  The  observa¬ 
tions  of  a  decrease  in  the  resistance  and  changes  in  the  sur¬ 
face  domain  structures  have  provided  strong  evidence  for 
these  changes  in  iron  whiskers.^  Observations  of  flux 
changes  also  support  this  conclusion.^  Representations  (not 
data)  of  the  field  dependence  of  the  ac  susceptibility  at  low 
frequency  with  and  without  a  cunent  along  the  axis  of  a 
typical  whisker  are  shown  in  Fig.  1.  The  out-phase  ac  re¬ 
sponse  y'  is  most  sensitive  to  changes  in  magnetization  pat¬ 
terns  because  the  losses  are  dominated  by  the  eddy  currents 
produced  by  moving  domain  walls. 

There  are  no  noticeable  effects  on  the  ac  susceptibility 
from  currents  below  a  critical  value  4 .  The  susceptibility  for 
zero  cunent  shows  a  characteristic  response  that  is  well 
documented  in  previous  studies  of  domain  configurations, 
Bloch  walls  and  magnetization  processes  in  iron  whiskers 
from  dc  to  200  kHz.'*"*  The  magnetization  pattern  in  zero 
field  approximates,  and  sometimes  is,  the  Landau  structure 
of  two  long  domains  separated  by  a  180°  domain  wail  with 
closure  domains  on  each  end. 

If  a  small  pickup  coil  is  used  to  detect  the  changing  flux 
<I>g  in  the  midplane  of  the  whisker,  the  signal  depends  on  the 
flux  of  magnetization  in  the  midplane,  the  applied  field 
and  the  demagnetizing  field  HoCr).  For  the  Landau 
structure,  the  contributions  to  <1>b  from  //qZ  and  Ho(r)  cancel 
one  another  if  the  coil  is  tightly  wound  around  the  sample. 
Otherwise  a  correction  is  needed  for  the  region  between  the 
coil  and  the  sample.  An  effective  susceptibility  is  ex¬ 
tracted  from  the  ac  voltage  in  the  pickup  coil  and  the  ac 
current  driving  a  solenoid.  This  is  written  in  terms  of  a  mag¬ 
netic  stiffness  a(c())  and  a  magnetic  viscosity  /3(w)  as 


at  the  departure  field  see  Fig.  1.  is  very  close  to 
47rDAf^=//j3,  where  the  magnetization  in  the  central  cross 
section  is  practically  uniform  and  saturated.  For  the  Landau 
stmeture,  labeled  as  such  in  Fig.  1,  the  viscosity  provides 
information  on  the  position  of  the  wall: 

^(0)=)8o{tanh[b(7r/2)(l-4)A,/<I)J] 

+  tanh[b(rr/2)(l +  ct)A,/4>i)]}, 

where  ^  contains  the  conductivity  and  b  is  a  numerical  con¬ 
stant  close  to  1.05.  The  viscosity  is  greatest  when  the  wall  is 
centered  in  the  midplane,  decreasing  to  about  one-half  of  the 
maximum  just  before  saturation. 

The  various  features  of  the  ac  response  in  the  absence  of 
current  are  a  measure  of  the  quality  of  the  whisker.  They  are 
not  observed  if  the  whisker  is  subjected  to  strain.  In  experi¬ 
ments  where  wires  are  attached  to  measure  resistance,  it  is 
necessary  to  be  certain  that  the  strains  are  less  than  those 
which  would  suppress  the  formation  of  the  Landau  structure. 
It  was  very  difficult  to  insert  a  whisker,  with  current  and 
potential  leads  attached,  into  the  transformer,  used  to  mea- 


1 

—  ^  a(ft>)  +  ia»/3(w).  (1) 

ACXt 

In  the  current  study,  the  frequency,  700  Hz,  is  sufficiently 
low  that  «(&))= a(0)  and  )8(tu) =)3(0).  The  stiffness  and  vis¬ 
cosity  can  be  calculated  in  the  low-frequency  limit  for  the 
whiskers  without  current.  The  stiffness 
a(0)=47rD=Ai/o/4>A/>  where  A  is  the  midplane  area  and 
is  independent  of  magnetization  until  the  flux  of  magnetiza¬ 
tion  saturates  in  the  midplane.  This  happens  discontinuously 


FIG.  1.  Representations  of  the  Feld  dependence  if  components  x'  and  V'  of 
the  ac  susceptibility  for  {100}  iron  whiskers.  On  the  left-hand  side;  with  no 
cunent  along  the  axis,  the  responses  corresponding  to  the  Landau  structure, 
labeled  L,  and  to  the  Coleman  structure  labeled  C,  show  the  effects  of 
magnetic  viscosity  in  y  at  low  frequencies.  On  the  right-hand  side:  with 
sufficient  current  to  change  the  structure  and  to  increase  the  departure  field 
by  50%,  the  responses  corresponding  to  the  structures  of  stages  1  and  II 
are  distinguished  by  differences  in  y.  The  magnetic  viscosity  increases  with 
appL’ed  field  in  stage  11.  For  stage  I  the  magnetic  response  shows  a  low  y 
for  small  fields,  x'  increases  sharply  beyond  an  apparent  threshold  field  for 
one  field  direction  but  not  the  other,  depending  on  previous  fields.  The 
decrease  in  magnetic  stiffness  with  field  is  accompanied  by  a  decrease  m 
magnetic  viscosity. 
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FIG.  2.  Transcription  of  raw  data  for  V'  for  a  sequence  of  applit-'  •nirrents,  / =0.02,  0.075, 0.15, 0.2, 0.4,  and  0.6  A.  These  variations  of  Y'  with  applied  field 
at  each  current  were  recorded  in  a  series  of  field  cycles,  showing  the  effects  of  hysteresis,  which  depend  on  previous  maximum  Helds.  The  recorder  traces  have 
been  scanned  into  bit  maps  from  which  this  data  is  extracted.  The  response  of  this  whisker  is  typical  for  many,  but  not  all,  of  the  various  whiskers  selected 
for  their  perfection  with  lengths  between  2.0  and  2.5  cm  and  widths  from  0.02  to  0.05  cm. 


sure  ac  susceptibility,  without  creating  such  strains.  It  was 
more  convenient  to  measure  the  ac  susceptibility  with  only 
the  current  leads  attached.  Correspondences  between  the  two 
sets  of  measurements  provide  evidence  that  the  attachment 
of  the  potential  leads  did  not  change  the  dependence  of  mag¬ 
netic  stmcture  on  current  and  applied  held. 

When  I>Ic ,  the  field  dependence  of  the  ac  susceptibility 
is  quite  different;  see  Fig.  1.  The  results  are  interpreted  as 
arising  from  three  different  configurations.  Fot 
the  midplane  is  saturated.  As  //  is  reduced  below  the  nude- 
ation  field,  the  structure  called  stage  II'''  is  nucleated.  It  is 
stable  down  to  Hf  where  stage  I'*'  forms.  Stage  I'*'  is  stable 
for  increasing  as  well  as  decreasing  fields  for  all  fields  be¬ 
tween  //*+.  and  //,+ .  Stage  I'*'  reverts  to  stage  II''^  at  . 
Stage  I~  is  nucleated  at  //,+ .  Stage  F  and  stage  I'*'  appar¬ 
ently  have  some  similarities  and  some  differences  in  their 
structures.  One  may  anticipate  differences  because  the  rever¬ 
sal  of  the  applied  field  is  not  accompanied  by  a  reversal  in 
the  constant  applied  current. 

The  most  striking  effects  occur  in  low  fields.  If  the  field 
is  decreased  from  //i+  to  zero,  the  susceptibility  becomes 
very  small  and  remains  small  for  negative  fields  until  the 
negative  field  is  reached.  |/fr+|  is  much  larger  than  the 
fields  for  which  the  susceptibility  decreases.  If  is  not 
reached,  the  response  is  quite  reversible  all  the  way  up  to 
//fe+ .  Similar  behavior  is  obsetved  if  the  negative  field 
is  exceeded  to  produce  stage  F  which  is  reversible  between 
the  negative  field  Hb-  and  the  positive  field  . 

Representative  recorder  traces  of  the  ac  response  for  a 
typical  whisker  are  shown  in  Fig.  2.  To  explain  these  data  we 
propose  that  the  several  stages  resemble  the  patterns  shown 
in  Fig.  3.  These  structures  require  the  presence  of  the  field 
from  the  cunent.  This  field  varies  almost  linearly  with  the 
distance  from  the  center,  except  that  it  reaches  a  higher  value 
at  the  centers  of  the  edges  then  it  does  at  the  comers.’  This  is 
the  rational  for  the  stage-II  configurations  a  and  e,  '*'he  di¬ 
rection  of  the  magnetization  (out  of  the  paper  for  the  + 
stages)  is  the  same  in  the  central  region  and  the  walls,  except 
possibly  for  configuration  d. 

An  estimation  of  the  expected  behavior  of  a  model  based 
on  these  configurations  requires  some  approximations.  It  is 
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helpful  to  suggest  that  the  response  can  be  understood  by 
considering  what  happens  in  the  central  cross  section.®  One 
can  approximate  the  power  dissipation  per  unit  .length  by 
considering  from  the  motion  of  the  walls  as  if  the  whisker 
were  infinitely  long.  Perhaps  the  energy  of  the  whisker  scales 
with  the  energy  per  unit  length  £j-  of  the  central  cross  sec¬ 
tion.  El  can  be  broken  into  terms  reflecting  the  applied  field, 
the  demagnetizing  field,  the  field  from  the  current,  and  a 
contribution  from  the  wall  energy.  To  a  fair  approximation 

1  AttD  , 

«D^+CV  +  W<7.  (2) 

where  q  is  the  side  of  the  inner  square  magnetized  along  the 
axis.  The  demagnetizing  factor  47rD  depends  on  the  dimen¬ 
sions  of  the  whisker.  The  coefficient  C  for  the  cunent  term 
can  be  calculated  from  the  geometry.  The  coefficient  IT  for 


H)  iq  H,-  H,! 


FIG.  3.  Diagrams  of  the  conjectured  magnetic  configurations  in  the  mid¬ 
plane  for  stages  I  and  II.  The  field  is  changing  from  //„  to  from  right-  to 
left-hand  side  for  a,  to  e, .  From  a2  to  e2,  the  field  is  changing  in  the  opposite 
direction.  In  the  transformation  from  a^  to  b)  the  domains  coalesce.  The 
magnetization  in  the  center  is  +  in  stage  T  and  stage  II'*'  and  -  in  stage  r 
and  stage  IP.  The  transformation  from  C)  to  d,  is  nucleated  away  from  the 
midplane.  A  Bloch  line  could  cause  a  reversal  of  handedness  somewhere 
along  the  diagonal  wall  in  d).  On  going  from  d)  to  63  to  C2  in  stage  P,  the 
handedness  of  that  part  of  the  diagonal  wall  closest  to  the  origin  is  deter¬ 
mined  by  the  direction  of  the  magnetization  in  the  central  core. 
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the  wall  term  is  calculable  in  the  approximation  that  the  wall 
energy  densities  o-no  and  ctjqo  are  those  of  walls  of  infinite 
extent: 


— 2'\^o7io+4o'ioo~  ~0.9o'ioo, 

because  o-no  =  >/3ai^.  This  favors  the  expansion  of  the 
core  from  Cj  to  bj  in  Fig.  3.  It  is  a  very  small  effect  except  at 
zero  field. 

To  a  first  approximation  ^jff=q^Afj=q^i>s/A.  The 
negative  of  the  derivative  of  the  energy  with  respect  to 
is  the  average  internal  field  acting  on  the  moving 
wall.  This  vanishes  at  equilibrium.  When  there  are  moving 
walls,  it  balances  the  field  Hg  from  the  eddy  currents.  To  a 
first  approximation  Hg  in  stage  I  is  given  by 


Hg^-Air 


dt 


(3) 


The  response  is  found  from  the  vanishing  of  the  effective 
field 


dEt  AttD  ...  W 


-47r 


(T 

?  dt 


=  0. 


(4) 


From  this  one  obtains  the  dependence  of  Hq,  x>  and 
f3(0)  on 
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XexI 
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and 


^U/2 


wP{0)=AirDo}Pi  ln| 


(5) 


(6) 


(7) 


For  a  0.03-cm-thick  2.3-cm-long  Fe  whisker  at  700  Hz,  the 
quantity  (u^|Ssl/2.  The  experiments  have  been  performed 
with  whiskers  for  which  I„JU^\I2.  For  all  but  the  smallest 
fields,  the  terms  in  can  be  neglected.  For  parameters  in 
this  range,  the  model  predicts  the  susceptibilities  for  stage  I 
shown  in  Fig.  4.  For  stage  II  the  model  remains  the  same 
except  the  loss  term  is  replaced  by 


0) ^{o))= A irD 0)^2 


It  would  take  a  more  detailed  model  for  stage  II  than  we 
possess  to  calculate  Experimentally  it  is  observed  that 
the  loss  in  stage  II  matches  the  loss  in  stage  I  at  the  transition 


FIG.  4.  Calculations  of  the  field  dependence  of  x'  and  X'  for  three  frequen¬ 
cies  and  three  choices  of  current  along  the  axis,  including  a  blowup  of  the 
origin  for  x"-  The  calculations  are  for  the  stage  I.  In  additional,  a  simulation 
of  stage  II  is  presented  in  the  panel  for  y  and  (i),=0.S. 


from  stage  II  to  stage  I.  This  is  used  to  pick  a  value  for  ^  to 
calculate  y'  for  stage  II  as  shown  for  wi=0.5  in  Fig.  4. 

This  model  accounts  for  much  of  the  response  in  stage 
T*',  for  example,  the  linear  increase  in  the  departure  field 
with  current,  the  low  susceptibility  at  H=0,  the  maximum  in 
y',  and  the  sharper  rises  in  x'  and  y'  at  lower  currents  for 
low  fields.  The  model  does  not  explain  why  the  susceptibility 
stays  low  to  a  finite  positive  field.  This  effect  is  observed  in 
the  measurement  of  resistivity.  The  resistance  remains  con¬ 
stant  for  a  small  range  of  fields  and  then  increases  monotoni- 
cally  as  approaches  . 

At  present  we  do  not  Imow  what  accounts  for  the  obser¬ 
vations  that  the  ac  susceptibility  and  the  resistivity  remain 
constant  for  a  small  range  of  positive  fields.  That  they  remain 
constant  for  a  range  of  negative  fields  is  a  direct  consequence 
of  the  conjectured  structure,  whether  W  is  positive  or  nega¬ 
tive. 

Except  for  low  fields  where  the  model  appears  incom¬ 
plete,  the  behavior  is  well  described  by  the  first  three  terms 
in  the  model  which  come  directly  from  Maxwell’s  equations 
and  the  assumption  that  the  behavior  of  the  whole  system 
can  be  modeled  by  looking  at  the  central  cross  section. 
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The  effects  of  demagnetizing  and  stray  fieids  on  magnetoacoustic 
emission 
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Magnetoacoustic  emission  (MAE)  has  been  measured  from  a  Ni  bar  and  a  mild  steel  bar.  The 
magnetizing  field  was  produced  by  a  c-core  electromagnet,  which  was  separated  from  the  specimen 
surface  by  a  nonmagnetic  spacer  layer  (thickness  /„).  In  Ni,  the  MAE  profile  contains  a  single  peak 
when  /„  is  small.  As  increases,  a  second  peak  appears  and  then  a  third  peak,  indicating  that  MAE 
is  not  only  caused  by  domain  wall  creation  and  annihilation,  but  also  by  domain  wall  motion.  In  the 
case  of  the  mild  steel  bar,  only  two  peaks  are  detected,  which  are  increasingly  separated  as 
increases.  The  different  results  between  the  two  materials  can  be  explained  by  the  different  mobility 
of  non-ISO®  domain  walls.  The  present  results  also  indicate  that  the  MAE  profile  obtained  from  Ni 
is  less  sensitive  to  Ig  than  that  obtained  from  mild  steel.  This  difference  can  be  explained  by 
considering  the  reluctance  of  the  magnetic  circuit. 


I.  INTRODUCTION 

Magnetoacoustic  emission  (MAE)  is  under  development 
as  a  technique  for  the  nondestructive  evaluation  of  magnetic 
materials.  The  possibilities  of  measuring  stress'*^  and  detect¬ 
ing  defects^’^  using  MAE  have  already  been  demonstrated. 
One  of  the  practical  applications  of  MAE  is  to  inspect  sur¬ 
face  smoothness  in  metallic  assemblies  and  components.  For 
such  applications,  the  specimen  is  usually  magnetized  with  a 
c-core  electromagnet  placed  close  to  its  surface.  In  the  pres¬ 
ence  of  defects  such  as  buried  voids  and  cracks,  surface  per¬ 
turbations  such  as  undercutting  on  flat  surfaces,  or  when  the 
surfaces  are  rough  and  curved,  the  coupling  between  the  test 
piece  and  the  magnet  is  poor.  Demagnetizing  fields  and  stray 
fields  are  therefore  induced,  resulting  in  the  modification  of 
the  MAE  profile.  The  purpo.se  of  this  paper  is  to  report  the 
effects  of  these  induced  fields  on  the  MAE  signals  obtained 
from  Ni  and  mild  steel  by  varying  the  thickness  of  an  insu¬ 
lating  spacer  layer  between  the  magnet  and  the  specimen 
surface.  This  study  will  also  provide  information  about  the 
physical  processes  involved  in  the  generation  of  MAE,  and 
may  help  to  settle  some  of  the  current  disputes  about  these 
points.^ 

II.  EXPERIMENT 

MAE  measurements  were  made  on  a  Ni  and  a  mild  steel 
bar  of  dimensions  101.6  mm  by  27.0  mm  by  6.5  mm,  and 
190.0  mm  by  20.1  mm  by  5.8  mm,  respectively.  During  the 
measurements,  a  1  Hz  magnetizing  field  of  amplitude  about 
40  kA  m"  ‘  was  applied  in  the  longitudinal  direction  by  using 
a  c-core  electromagnet  placed  on  the  surface  of  the  bar.  The 
MAE  signals  (approximately  in  the  range  35-200  kHz)  were 
detected  by  a  piezoelectric  transducer,  and  were  then  ampli¬ 
fied,  rectified,  and  filtered.  The  mean  signal  amplitude  was 
then  plotted  as  a  function  of  the  applied  field  over  half  a 
hysteresis  cycle.  Ideally,  the  magnet  and  the  bar  should  form 
a  closed  magnetic  circuit  with  no  demagnetizing  field  or 

‘^Electronic  mail;  B108771@vax.csc.cuhk.hk. 


stray  flux.  A  practical  advantage  of  using  a  c-coil  magnet 
over  a  conventional  air-cored  coil^  is  that  the  magnet  can  be 
placed  at  any  region  of  interest  of  the  specimen.  A  similar 
arrangement  was  used  in  other  MAE  experiments.*’^  How¬ 
ever,  a  nonmagnetic  spacer  must  be  used  between  the  magnet 
and  the  test  piece  in  order  to  minimize  the  everpresent  elec¬ 
trical  and  acoustic  noises.  The  spacer  breaks  the  magnetic 
flux  path  in  the  circuit  and  introduces  demagnetizing  fields  as 
well  as  stray  fields.  These  effects  alter  the  MAE  signals  de¬ 
tected  by  the  piezoelectric  transducer.  The  measurements 
were  repeated  at  different  spacer  thicknesses  /„,  ranging 
from  0.12  to  0.63  mm  for  mild  steel,  and  from  0.05  to 
1.55  mm  for  Ni.  The  MAE  profiles  obtained  from  both  Ni 
and  mild  steel  are  shown  in  Fig.  1.  Plots  of  peak  amplitudes 
against  spacer  thickness  for  the  two  specimens  are  shown  in 
Fig.  2. 

III.  MAE  PROFILES 

MAE  profiles  obtained  from  Ni  usually  contain  a  single 
peak.  The  profile  obtained  in  our  experiments  with 
/a  =  0.05  mm  is  also  of  this  form  (Fig.  1,  top  left).  With 
/a=0.36  mm,  an  additional  peak  appears  to  the  left  of  the 
main  peak,  and  with  /„  =  1  mm,  a  third  peak  appears  to  the 
right.  (The  peaks  are  marked  with  anows.)  The  peak  heights 
generally  decrease  with  increasing  spacer  thickness  (Fig.  2). 
In  the  case  of  steel,  the  profiles  always  contain  two  peaks 
(Fig.  1,  right).  The  peak  heights  in  any  particular  profile 
become  more  nearly  equal  after  the  subtraction  of  noise 
(compare  Figs.  1  and  2).  It  has  been  reported  that  MAE 
profiles  obtained  from  a  toroidal  poiycrystalline  YIG  sample 
change  drastically  as  a  result  of  demagnetizing  effects,  and 
also  that  the  emission  is  related  purely  to  domain  wall  cre¬ 
ation  and  annihilation.®  As  the  results  here  show,  if  the  above 
interpretation  is  correct,  the  peaks  corresponding  to  the  two 
processes  would  be  increasingly  separated  as  the  effects  of 
demagnetizing  and  field  leakage  increase,  but  there  would 
not  be  a  third  peak  in  the  low-field  region.  The  existence  of 
three  peaks  in  the  profile  from  Ni  with  larger  Ig  thus  indi- 
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FIG.  1.  MAE  profiles  (arbitrary  units)  as  a  function  of  applied  field  H 
obtained  with  various  spacer  thicknesses  for  Ni  and  mild  steel.  The  three 
traces  on  the  left  were  obtained  from  Ni  with  (from  top  to  bottom) 
1^=0. 05, 0.95,  and  1.55  mm,  respectively,  and  those  on  the  right  from  mild 
steel  with  (from  top  to  bottom)  /„=0.18,  0.31,  and  0.44  mm,  respectively. 
Noise  was  not  subtracted  from  these  profiles.  The  three  profiles  from  steel 
are  to  the  same  scale.  The  scales  of  the  middle  and  bottom  traces  from  Ni 
are  enlarged  by  factors  of  5  and  10,  respectively,  relative  to  the  top  trace. 


cates  that  MAE  is  not  only  caused  by  domain  wall  creation 
and  annihilation,  but  also  by  domain  wall  motion.  The  wall 
creation  process  involves  the  sudden  release  of  trapped 
walls,  the  annihilation  occurs  when  the  walls  abruptly  col¬ 
lapse,  and  the  wall  motion  involves  the  breaking  away  of 
walls  from  pinning  centers.  When  the  demagnetizing  and 
flux  leakage  effects  are  small,  the  fields  corresponding  to 
domain  wall  creation  and  annihilation  are  close  to  the  coer- 


dve  field.  The.  M^  peaks  due  to  all  three  prc^sses  there¬ 
fore  overlap,  and  the  profile  consists  of  a  single  peak. , 

The  fact  that  a  central  peak  does  not  appear  in  the  MAE 
profiles  from  steel  car.  be otplained  by  the  difference  in  the 
mobility,  of  non-180°  domain  walls  in  steel  and  Ni.  Gaunt^ 
has  suggested  that  the  pin  restoring  force./  on  a  domain  wall 
is  given  by 

f=2M^pH,,  (1) 

where  is  the  saturation  magnetization,  Ap  is  the  wall  area 
associated  with  the  pin,  and  is  the  coercivity.  Williams 
et  al?  also  reported  that  the  velocity  of  the  domain  walls  is 
proportional  to  the  resistivity  and  inversely  proportional  to 
A/j .  Therefore  a  material  with  lower  such  as  Ni  tends  to 
have  a  smaller  /  than  one  with  a  higher  Ms  such  as  steel,  and 
the  domain  walls  would  be  more  mobile  in  Ni  than  in  steel. 
The  existence  of  a  strong  central  MAE  peak  in  Ni  resulting 
from  wall  niotion  suggests  that  the  non-180°  walls  in  Ni  are 
more  easily  unpinned  than  in  steel,  giving  rise  to  MAE  in 
low  fields.  In  mild  steel,  some  180°  walls  can  move  in  small 
fields,  but  these  walls  do  not  give  rise  io  MAE.  Non- 180° 
walls  are  less  mobile  and  require  a  larger  field  to  move  them. 
The  MAE  activity  contributed  by  the  motion  of  the  latter  is 
so  close  to  the  annihilation  process  that  the  two  processes  are 
superimposed  into  one  peak,  and  therefore  only  two  peaks 
appear  in  the  MAE  profile  from  mild  steel. 

IV.  THE  MAGNETIC  RELUCTANCE 

The  amplitude  of  the  MAE  peaks  can  be  estimated  by 
considering  the  magnetic  circuit  formed  by  the  c-core  mag¬ 
net,  the  two  spacers  (one  for  each  pole),  and  the  specimen.  A 
coil  of  N  turns  carrying  a  current  I  around  a  ferromagnetic 
core  produces  a  magnetomotive  force  (mmf)  given  by  NI. 
The  magnetic  flux  4>  is  related  to  the  magnetic  reluctance 
91  and  the  mmf  NI  by 


■^  +  +  °°o 


+  +  +  °Q  n 
+  ++  □ 


+  ♦200 


FIG.  2.  Plots  of  peak  amplitudes  (V^ae,  aibitrary  units)  against  (mm)  for 
Ni  and  mild  steel.  Crosses  (+),  squares,  and  diamonds  conespond  to  the 
left,  central,  and  right  peaks  from  Ni  respectively,  and  crosses  (X)  and 
circles  correspond  to  the  left  and  right  peaks  from  steel  respectively.  The 
peak  amplitudes  shown  were  obtained  after  the  subtraction  of  noise. 


and  fi,,  andAj  are  the  I'ngth  of  the  flux  path,  permeabil¬ 
ity,  and  cross-sectional  area  of  the  different  sections  of  the 
circuit  in  series.  In  our  magnetic  circuit  the  magnetic  flux  is 
therefore  given  by 

I  L  2/„  /, 

A _  »rfl  “4  »  1  /  A\ 


^=NI 


In,  ,  h 

f^a^a  I^s^s 


where  the  subscripts  m,  a,  and  s  refer  io  the  magnet,  the 
spacers,  and  the  part  of  the  specimen  being  magnetized,  re¬ 
spectively.  The  magnetic  flux  in  the  circuit  is  reduced  when 
the  spacers  are  introduced,  because  it  requires  more  energy 
to  drive  the  same  amount  of  flux  across  the  spacers  than 
through  an  equal  volume  of  iron,  since  the  permeability  of 
the  spacers  is  much  lower.  As  Ig  increases,  the  reluctance 
91  increases  and  $  decreases.  This  effect  is  further  enhanced 
by  the  existence  of  a  demagnetizing  field  due  to  the  free 
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FIG.  3.  Calculated  SH*'  (curves)  and  measured  peak  heights  (points)  plotted 
against  I,,  (mm).  Squares  and  the  dashed  curve  refer  to  Ni,  circles  and  the 
full  curve  to  steel.  The  values  have  been  normalized  as  follows;  for  the 
dashed  curve,  r=3l“'(/a)/lR"*(0.05),  for  the  full  curve, 
r=W-'(y/<n->(0.12),  for  the  squares,  r=VMAE(/<.)/W0.05),  and 
for  the  circles,  r= Kmae(/«)/''mae(0.  12). 

poles  at  the  two  ends  of  the  magnet.  However,  at  a  given 
mmf,  <I>  is  still  approximately  inversely  proportional  to  91.  In 
the  generation  of  MAE,  the  MAE  activity  is  proportional  to 
the  rate  of  change  of  strain,  and  to  the  change  of  domain 
volume.  The  former  is  related  to  the  amount  of  magnetic  flux 
inside  the  test  piece,  thus  the  MAE  activity  is  also  propor¬ 
tional  to  91"'. 

The  permeability  of  the  Ni  bar  was  measured  to  be 
about  125.  Assuming  that  of  mild  steel  is  1000,  and  that 
/ia=l  and  /i„=1000,  the  values  of  91  for  the  magnetic 
circuits  involving  mild  steel  and  Ni  were  calculated  for  dif¬ 
ferent  values  of  .  Figure  3  shows  a  comparison  of  MAE 
|)eak  amplitudes  with  91" '  for  both  specimens,  as  a  function 
of  la.  For  steel,  the  agreement  is  very  close,  so  that  the 
magnitudes  of  the  MAE  signals  can  be  predicted  for  different 
spacer  thicknesses  if  an  initial  set  of  data  (i.e.,  values  of  Ig 
and  observed  MAE)  are  given.  For  Ni,  the  agreement  is  less 
close,  although  a  similar  trend  is  followed.  The  results  in 


both  Figs.  2  and  3  also  show  that  Ig  has  a  greater  effect  on 
the  MAE  in  the  mild  steel  bar.  For  example,  in  mild  steel,  a 
change  of  Ig  from  0.12  to  0.63  mm  decreases  the  normalized 
MAE  signal  from  1  to  0.27,  while  in  Ni  the  change  is  from 
0.87  to  0.49  when  Ig  changes  from  0.11  to  0.61  mm.  There 
are  two  reasons  for  this:  (i)  the  large  value  of  of  mild  steel 
leads  to  a  smaller  contribution  of  the  specimen  to  the  total 
reluctance  91  of  the  circuit,  thus  a  small  change  of  /„  will 
significantly  alter  91  and  also  the  observed  MAE,  and  (ii)  the 
value  of  spontaneous  magnetization  of  mild  steel  is  about  3.5 
times  of  that  of  Ni,  and  the  demagnetizing  field  created  in  the 
case  of  niild  steel  by  the  presence  of  the  spacer  would  be  3.5 
times  larger  than  the  field  created  in  the  case  of  Ni.  Thus  one 
would  expect  that  the  MAE  signals  decrease  more  rapidly 
with  spacer  thickness  in  mild  steel  than  in  Ni. 

V.  CONCLUSIONS 

There  is  strong  evidence  that  the  generation  of  MAE  is 
due  to  domain  wall  creation,  motion,  and  annihilation  during 
the  process  of  magnetization.  Movement  of  non-180°  do¬ 
main  walls  is  involved  in  all  three  processes.  The  relative 
magnitude  of  the  emi.>3ion  can  be  predicted  by  the  magnetic 
circuit  calcul,  'ons. 
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IR  spectroscopy  on  FeNi  and  FcPt  invar  alloys 
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UHV  IR  emission  spectroscopy  has  been  carried  out  at  energies  9-33  mRy  (wavelength  2.8-9.8 
fim)  in  the  temperature  range  430-800  K  on  single  crystals  of  FeNi  and  FePt  Invar,  with  Curie 
temperatures  in  the  respective  range.  The  results  show  a  drastic  (up  to  30%)  decrease  of  the  IR 
absorptivity  around  T,.  in  the  energy  range  23-33  mRy  (2.8-4  /rm),  while  at  small  energies  around 
9  mRy  (10  ^m)  the  absorptivity  is  temperature  independent,  as  expected  for  3rf  metals,  and  found 
on  pure  Ni.  The  decrease  in  absorptivity  on  the  Invar  alloys  cannot  be  understood  by  the  common 
temperature  dependence  of  interband  transitions;  rather,  it  calls  for  the  existence  of  moment-volume 
instabilities,  characterized  by  transitions  between  a  high-spin  ground  state  and  a 
temperature-induced  low-spin  state.  Qualitative  agreement  of  the  absorptivity  with  respective  total 
density-of-states  calculations  on  Fe3Ni  is  demonstrated. 


I.  INTRODUCTION 

In  recent  reviews*’^  we  have  shown  that  band 
calculations^’'^  provide  a  new  ansatz  to  understand  the  broad 
spectrum  of  Invar  anomalies  in  2d  alloys.  Particularly,  the 
calculations  reveal  that  the  Fe  moment  in  ordered  Fe3Ni  and 
Fe3Pt  is  instable  with  respect  to  small  changes  in  the  atomic 
volume.  The  results  call  for  the  existence  of  moment-volume 
instabilities,  characterized  by  a  ferromagnetic  high-spin-state 
(HS)  with  large  atomic  moment  and  volume  (the  ground 
state),  and  a  low-spin-state  (LS)  with  smaller  magnetic  mo¬ 
ment  and  volume.  Experimental  evidence  for  the  existence  of 
these  states  has  been  given  on  ordered  and  disordered 
Fe72Pt2g  as  well  as  Fe685Ni3,5  through  low-temperature 
Mossbauer  experiments  under  pressure,^  clearly  revealing 
the  HS-LS  transition  with  increasing  pressure,  in  quantitative 
agreement  with  the  predictions  from  theory. 

The  situation  at  finite  temperatures  is  less  clear.  Al¬ 
though  the  band  calculations  reveal  that  in  the  Invar  concen¬ 
tration  range  the  energy  difference  AE  between  the  HS  and 
LS  states  is  of  the  order  of  1-2  mRy  (150-300  K),  so  that 
the  LS  state  becomes  thermally  accessible,  the  physical  na¬ 
ture  of  the  excitations  is  still  unknown.  To  shed  more  light  on 
this  situation,  we  carried  out  spin-polarized,  angle-resolved 
photoemission  on  ordered  Fe72Pt28.^  The  observed  difference 
in  intensity  below  and  above  the  Curie  temperature  Tc 
agreed  well  with  the  calculated  density-of-states  (DOS)  dif¬ 
ference  for  fee  Fe  in  the  HS  and  LS  state.  Since,  however, 
other  interpretations  of  our  data  have  been  suggested,’’*  we 
think  that  new  experiments  are  required  to  prove  the  correct¬ 
ness  of  our  assumptions. 

We  have,  therefore,  for  the  first  time,  carried  out  IR 
emission  spectroscopy  in  the  range  of  wavelengths  \=2.8- 
9.8  fim  {E =9-33  mRy)  on  FeNi  and  FePt  Invar  alloys  in  the 
temperature  range  430-780  K,  i.e.,  below  and  above  the  re¬ 
spective  Te’s  of  the  alloys.  Since  the  HS  and  LS  states  mani¬ 
fest  themselves  in  sharp  peaks  in  the  DOS,  lying  ~20  mRy 
below  and  above  the  Fermi  energy,  lespectively,  IR  spectros¬ 


copy  provides  a  suitable  tool  to  investigate  the  changes  in  the 
DOS,  when  the  sample  temper  iture  is  raised  through  .  IR 
spectroscopy  has  an  energy  resolution  of  several  tens  of 
mRy,  and  in  the  range  of  wavelengths  used  the  penetration 
depth  of  the  radiation  is  some  hundreds  of  angstroms.  Both 
are  advantageous  in  comparison  to  ultraviolet  photoemission 
spectroscopy  (UPS),  where  the  energy  resolution  and  the 
penetration  depth  are  almost  two  orders  of  magnitude 
smaller. 

In  general,  in  3d  systems  the  temperature  dependence  of 
interband  transitions  and,  therefore,  the  respective  tempera¬ 
ture  dependence  of  the  absorbtivity  is  weak.  It  only  depends 
on  the  smearing  and  the  changes  in  bandwidth  due  to  thermal 
agitation  and  expansion,  respectively.  Our  results  on  FeNi 
and  FePt  Invar  cannot  be  understood  within  these  arguments; 
rather,  it  calls,  as  we  will  show,  for  an  explanation  within  the 
HS-LS  transition  model  as  earlier  claimed  in  our  UPS 
measurements.^ 


II.  EXPERIMENT 

To  determine  the  IR  absorptivity  via  Kirchhoff  law,  we 
have  set  up  an  IR  emission  spectrometer  with  a  grid  mono¬ 
chromator  and  a  thermocouple  radiation  detector.  The  light 
intensity  is  measured  by  a  lock-in  technique,  chopping  the 
beam  with  11  cycles/s.  To  increase  the  sensitivity,  we  use  a 
relative  method,  i.e.,  the  emission  of  a  sample  is  measured  in 
comparison  to  a  standard  blackbody  radiator,  realized  by  a 
blackened  hollow  Cu  block  with  a  small  hole.  Sample  and 
standard  are  placed  in  direct  vicinity  in  the  sample  holder,  so 
that  they  can  be  heated  simultaneously  and  also  kept  at  the 
same  constant  (±30  mK)  temperature.  Focusing  the  emitted 
light  of  either  sample  or  reference  on  the  monochromator  slit 
is  achieved  by  a  rotatable  spherical  mirror  (glass,  A1  coated). 

Although  the  penetration  depth  of  the  IR  light  in  the 
spectral  range  used  (2.8-9.8  yirm;)  is  roughly  200  A,  clean¬ 
ness  and  optical  qualitiy  of  the  sample  surface  are  of  ample 
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FIG.  1.  Spectral  absorptivity  for  Ni  (7’,=624  K),  Fe^oNi^o  (7',=620  K)  and 
Fe6jNi]5  (7';=490  K)  at  constant  temperatures  below  and  above  the  respec¬ 
tive  Curie  temperatures. 


importance.  The  samples  are  therefore  placed  in  an  UHV 
chamber  (5X10"’  mbar).  Surface  preparation  involves  etch¬ 
ing  and  polishing  before  mounting.  They  are  annealed  in 
vacuum  at  900  K  for  2  h  to  remove  possible  oxide  layers. 
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FIG.  3.  Absorptivity  vs  temperature  at  constant  wavelength  for  disordered 
^*73^27  Invar. 


III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  spectral  absorptivity  for  pure  Ni  and 
two  FeNi  Invar  alloys  at  two  temperatures,  one  above  and 
one  below  the  respective  T^’s.  Note  the  difference  in  the 
absorption  behavior  between  Ni  and  the  FeNi  alloys.  While 
for  Ni  the  absorptivity  shows  only  a  small  increase  with  tem¬ 
perature  at  longer  wavelength,  a  result  in  accordance  with 
earlier  findings,’  the  Invar  alloys  exhibit  opposite  behavior. 
This  is  better  revealed  in  Fig.  2,  where  the  absorptivity  is 
plotted  as  a  function  of  temperature  at  constant  wavelength. 
Tf’s  are  marked  by  arrows.  In  Ni  there  are  small  changes  in 
slope  of  the  absorptivity  at  which  increase  with  increasing 
wavelength.  The  effect  is  very  likely  due  to  the  decrease  of 
the  band  splitting,  as  shown  in  spin-  and  angle-resolved  UPS 
investigation  on  Ni.'® 

The  behavior  of  Ni  is  contrasted  by  the  behavior  of  the 
Invar  alloys,  Fe59,9Ni4o.7  and  Fe^sN^  (see  Fig.  2),  which  at 
large  wavelength,  X=8-10  fim  (£-10  mRy),  show  hardly 
any  change  of  the  absorptivity  with  temperature.  However,  at 
small  wavelength,  \“2-4  /rm  (£=30-40  mRy),  a  drastic 
(30%)  decrease  of  the  absorptivity  is  observed,  when  the 
temperature  is  raised  through  .  Equal  results  are  shown  in 


FIG.  2.  Absorptivity  vs  temperature  for  Ni,  FedoNiw.  and  Fe^dNijs  at  con¬ 
stant  wavelen^.  Note  the  30%  decrease  in  absorptivity,  observ^  for  the  FIG.  4.  Total  density  of  states  for  Fc3Ni  in  the  HS  state  (r„„=2.60  a.u.;  solid 
Invar  alloys  only  at  small  wavelength.  T^’s  are  marked  by  arrows.  line)  and  LS  state  (r»^=2.517  a.u.;  broken  line). 
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Fig.  3,  where  the  absorbtivity  versus  temperature  for  disor¬ 
dered  Fe73Pt27  Invar  is  given.  They  must  consequently  be 
caused  by  the  Invar  effect. 

In  contrast  to  the  behavior  at  longer  wavelength,  the  ob¬ 
served  anomalies,  maximum  at  short  wavelength,  call  for  a 
decrease  in  the  combined  DOS  with  increasing  temperature. 
This  can  be  made  plausible  within  the  band-structure 
calculations^’"*  mentioned,  i.e.,  within  the  HS-LS  transition 
model.  For  this  purpose  we  show  in  Fig.  4  the  calculated** 
total  DOS  for  Fe3Ni  in  the  HS  (solid  curve)  and  LS  state 
(dashed  curve).  The  HS  state  is  characterized  by  the  high 
peak  in  the  DOS,  lying  about  20  mRy  below  .  For  the  LS 
state  a  similar  feature  is  found.  The  observed  reduction  in  the 
absorbtivity  can  thus  simply  be  understood  by  temperature- 
induced  HS-LS  transitions,  which  cause  a  drastic  diminution 
of  the  HS  DOS  in  the  energy  range  in  question. 

Optical  spectroscopy  has  the  drawback  that  it  averages 
over  the  total  Brillouin  zone,  and  the  combined  DOS  is  re¬ 
quired  to  understand  the  microscopic  processes  in  detail.  Ad¬ 
ditionally,  finite  temperature  effects  result  in  some  “round¬ 
ing”  of  the  DOS  peaKs,  and  indirect  transitions  might  be  of 
importance.  Our  present  absorption  experiment — as  the  UPS 
before — gives  good  experimental  support  for  the  correctness 


of  the  HS-LS  transition  model,  and  the  changes  in  electronic 
band  structure  accompanying  it.  Further  support  can  result 
from  absorption  experiments  at  higher  photon  energies  and 
lower  temperature,  where  we  expect  the  absorption  anomaly 
in  Invar  to  vanish.  Experiments  with  a  respective  setup  are 
presently  under  way. 
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Anti-Invar  behavior  in  a  material  can  be  characterized  by  an  anomalously  large  and  a  weak 
temperature-dependent  thermal-expansion  coefficient,  when  compared  to  the  respective  Griineisen 
lattice  expansion.  It  is  just  the  opposite  of  the  Invar  effect,  which  is  characterized  by  an  anomalously 
small  thermal-expansion  coefficient.  Common  to  Invar  and  anti-invar  is  the  fact  that  both  posess 
moment-volume  instabilities.  Anti-Invar  is  observed  in  the  paramagnetic  state.  It  occurs  in  y-Fe  and 
in  a  number  of  fee  binary  and  ternary  alloys.  In  Fe^^Niioo-i:  alloys  it  is  observed  in  the 
concentration  range  70^x^100  at.  %  within  the  fee  stability  range.  The  effect  vanishes  as  the  Invar 
concentration,  x=65  at.  %,  is  approached.  To  examine  the  valence  electron  concentration 
dependence  of  the  anti-invar  effect  the  thermal  expansion  has  been  measured  in  the  fee  state  of 
I  ;  Fe^Niioo-jc  for  63«x=si00  at.  %.  Using  a  model  based  on  moment-volume  instabilities  in 

conjunction  with  a  thermal  activation  process  the  size  of  the  anti-invar  effect  in  these  alloys  has 
;  been  determined.  The  volume  enhancement  is  found  to  decrease  with  increasing  Ni  concentration 

from  2.8%  in  y-Fe  to  0%  at  x=65  at.  %. 


I.  INTRODUCTION 

3d  Invar  alloys  are  an  important  class  of  materials  which 
owe  their  properties  to  moment-volume  instabilities 
(MVI).'’^  Total  energy  calculations  for  Invar  have  shown  the 
existence  of  a  large-volume  high-spin  (HS)  ground  state  and 
a  small-volume  low-spin  (LS)  state  lying  energetically  a  few 
mRy  higher.^  The  existence  of  these  states  have  also  been 
demonstrated  in  FeNi  and  FePt  Invar  alloys  by  Mossbauer 
experiments  under  pressure."* 

Similar  to  Invar  alloys  y-Fe  is  a  material  which  also 
poscsses  a  MVI.  However,  in  contrast  to  Invar  total  energy 
calculations  have  shown  that  the  ground  state  is  an  antifer¬ 
romagnetic  (AF)  LS  state  and  the  higher-lying  state  is  a  fer¬ 
romagnetic  (FM)  HS  state.®’*  Mossbauer  experiments  at  low 
temperatures  on  thin  films  of  y-Fe  stabilized  with  different 
lattice  constants  have  shown  that  below  and  above  a  critical 
lattice  constant,  a,. =3.64  A  (critical  atomic  volume, 
V',.  =  12.05  nm®),  y-Fe  is  AF  and  FM,  respectively.’  These 
experiments  confirmed  the  existence  of  these  states  in  y-Fe. 

The  signature  of  the  Invar  effect  is  a  spontaneous  vol¬ 
ume  magnetostriction  starting  near  the  magnetic  ordering 
temperature  and  extending  down  to  low  temperatures.  The 
anti-invar  effect,  on  the  other  hand,  can  be  recognized  by  an 
anomalously  large  thermal-expansion  coefficient,  a{T),  ac¬ 
companied  by  an  almost  temperature-insensitive  behavior  at 
high  temperatures  in  the  PM  state.*’’  a{T)  of  Fe63Ni37  Invar 
and  y-Fe  anti-Invar  are  shown  in  Fig.  1.  The  shaded  areas  in 
this  figure  correspond  to  a  spontaneous  volume  magneto¬ 
striction  in  the  case  of  Fe63Ni37  and  to  a  volume  enhance¬ 
ment  in  the  case  of  y-Fe.’  An  essential  difference  between 
Invar  and  anti-invar  is  that  in  the  former  the  volume  effect 
occurs  essentially  in  the  magnetically  ordered  state,  whereas 
in  the  latter  it  occurs  in  the  magnetically  disordered  state. 

In  this  work  we  initiate  a  systematic  survey  on  the  size 
of  the  anti-invar  effect  as  a  function  of  valence  electron  con¬ 
centration,  ela,  in  Fe-Ni  alloys.  With  y-Fe  as  a  typical  anti- 
invar  on  one  side  and  Ni  a  material  with  a  “normal”  thermal 
expansion  on  the  other,  one  would  expect  the  anti-invar  ef¬ 
fect  to  disappear  at  some  concentration  of  Ni  when  it  is  al¬ 


loyed  to  Fe.  At  this  concentration  the  AF-FM  (LS-HS)  MVI 
should  no  longer  exist.  For  this  purpose  we  have  measured 
the  thermal  expansion  of  Fe^Niioo-;f  alloys  in  their  respec¬ 
tive  fee  stability  ranges  for  63^x^100  at.  %  and  examined 
the  change  in  the  size  of  the  anti-invar  effect. 


II.  METHOD  OF  ANALYSIS  OF  a{T) 

Although  the  ground-state  properties  of  the  3d  metals 
and  alloys  can  be  adequately  understood,  a  first-principles 
theory  describing  their  thermal  properties  is  not  available. 
The  problem  becomes  more  complex  in  the  event  that  a  MVI 
exists  as  in  the  present  case.  In  a  previous  study  on  3d  alloys 
we  were  able  to  discuss  thermal  properties  using  a  two-level 
system  based  on  the  earlier  hypothetical  Weiss  model.*’'** 
This  had  given  a  good  description  of  the  high-temperature 
anomalies  in  the  specific  heat  and  the  thermal  expansion.  In 
a  recent  work’  we  also  used  a  similar  model  to  understand 
the  anti-invar  nature  of  y-Fe,  but  this  time  with  the  support 
that  a  MVI  in  y-Fe  was  a  fact  rather  than  a  hypothesis.  We 
use  a  similar  approach  here  as  well.  The  starting  point  is  that 
the  LS  state  and  the  HS  state  are  separated  by  a  small  energy 
difference  Ae,  and  thermal  activation  will  lead  to  a  mixture 
of  these  states.  Although  this  method  by  no  means  describes 
the  thermal  evolution  of  the  MVI,  it  provides  a  means  for 
determining  the  size  of  the  anti-invar  effect. 

The  observed  thermal-expansion  coefficient  a{T)  in 
anti-invar  is  given  by 

a{T)  =  a\^,{T)  +  a,,{T).  (1) 

The  first  term,  ai^(T),  is  approximately  the  lattice  expansion 
of  the  pure  LS  state.  It  is  determined  from  the  Griineisen 
relation, 

^  3Q{1-K[E(T)/Q]'^}^  ’ 

where  is  the  specific  heat  at  constant  volume,  £  is  the 
internal  energy,  K  is  a  constant  associated  with  the  indices  of 
the  Mie  potential,  and  g  is  a  constant  related  to  the  Griin- 
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FIG.  1.  The  Invar  in  Fe43Ni37  and  the  anti-invar  effect  in  y-Fe.  Shaded  area-s 
show  the  associated  volume  magnetostriction.  The  ordinate  for  Fe67Ni33  is 
shifted  by  -4X10"*'  1/K.  ai.,  denotes  the  lattice  thermal  expansion. 

eisen  constant  y.  The  second  term  in  Eq.  (1)  is  the  excess 
thermal-expansion  coefficient  in  a  two-level  system  and  is 
given  by 

(T\=—  (gLs/gHs)exp(Ac/<:r) 

pjl  [l  +  (gLs/^Hs)exp(A6Mr)]^  • 

Here  AV/V^s  is  the  relative  volume  difference  between  LS 
and  HS  states  at  0  K.  Ae  is  the  energy  difference  between  the 
two  states,  gLs/gHS  the  degeneracy  ratio,  k  is  the  Boltz¬ 
mann  constant,  and  T  is  the  temperature. 

ill.  EXPERIMENT 

Samples  of  Fe^Niioo-jt  with  the  concentrations  x=63, 
70,  75,  and  90  at.  %  were  prepared  by  arc  melting.  They 
were  then  cut  to  7-mm-long  cylinders  with  a  6  mm  diameter. 

The  thermal  expansion  of  FeNi  alloys  was  measured  in 
their  respective  fee  stability  ranges.  l\vo  capacitive  dilatom- 
eters  were  used,  operating  in  the  temperature  ranges 
4.2«r«300  K  and  300^7^1000  K,  respectively.  The 
lower-temperature  range  measurements  were  made  in  a  rela¬ 
tive  copper  capacitance  cell.  The  latter  range  was  covered  in 
a  quartz  push-rod-type  cell.  The  coefficient  of  thermal  ex¬ 
pansion  is  calculated  as  the  slope  of  consecutive  data  which 
were  taken  approximately  3  K  apart  in  thermal  equilibrium. 

IV.  RESULTS  AND  DISCUSSION 

Figure  2  shows  the  results  on  a(7)  in  the  fee  phases  of 
;c=0,  63,  70  75,  and  90  at.  %.  The  arrows  mark  the  Curie 
temperatures  Tc  of  the  alloys  which  have  FM  order  in  the 
fee  state.  a(r)  of  Ni  was  measured  in  order  to  demonstrate 
that  the  data  for  the  alloys  show  no  experimental  rjrtifact 
arising  from  experimental  procedures.  The  data  in  the  FM 
temperature  range  of  the  x=63  at.  %  sample  and  Ni  can  be 
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FIG.  2.  a(T)  of  Fc,Niioo-x  forx=0, 63,  70,  75,  and  90  at.  %.  Arrows  point 
to  the  Curie  temperatures  Tc  of  the  samples  which  order  ferromagnetically. 

The  data  for  Ni  have  been  shifted  by  -IXIO"**  K"'. 

f 

'i 

i, 

described  by  Eq.  (2).  For  x'^lQ  at.  %  o(r)  in  the  PM  range  i 

becomes  more  temperature  insensitive  with  increasing  Fe  ' 

concentration,  thus  reflecting  the  anti-invar  effect.  Therefore,  . 

one  can  conclude  from  this  data  that  as  the  Invar  concentra¬ 
tion  (x=65  at.  %)  is  approached  from  Fe-richer  concentra¬ 
tions  the  anti-invar  effect  disappears.  : 

Attempting  to  analyze  a(T)  of  alloys  with  x>70  at.  %  j 

only  with  Eq.  (2)  leads  to  unrealistic  values  of  K  and  Q,  • 

hence  to  an  unrealistic  Griineisen  constant.  Therefore,  to  ana-  > 


FIG.  3.  The  analysis  of  the  excess  and  the  lattice  thermal  expansions  for  the 
x=75  at.  %  sample.  The  shaded  area  is  the  anti-invar  effect,  which  amounts 
to  0.77%.  (Compare  to  y-Fe  in  Fig.  1.) 
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FIG.  4.  Volume  magnetostriction  in  AF  Invar,  FM  Invar,  and  anti-invar.  The 
broken  line  is  the  anticipated  behavior  of  anti-invar  on  the  AF  side.  The 
solid  squares  are  the  present  data.  The  point  for  -y-Fe  is  from  Ref.  9. 

lyze  the  data  for  4:^70  at.  %  we  first  determine  afex(^)-  This 
calculation  is  presented  here  for  the  x-15  at.  %  sample.  We 
estimate  the  values  of  ^iV^hs  ^^d  Ae,  appearing  in  Eq.  (3) 
from  the  eta  dependence  of  these  quantities,  determined 
from  specific-heat  measurements  on  fee  3d  alloys.®'^ 
AV/Vls  is  estimated  by  interpolating  between  the  value  for 
y-Fe,  0.7,  and  a: =65  at.  %,  where  this  quantity  should  vanish 
along  with  the  disappearence  of  anti-invar.  There  are  there¬ 
fore  no  adjustable  parameters  in  Eq.  (3).  aiaiCT)  is  next  de¬ 
termined  to  give  the  best  fit  to  the  data.  Figure  3  shows  the 
result  of  such  an  analysis.  The  curves  in  this  figure  are  ex¬ 


tended  up  to  1800  K  which  is  near  the  melting  point.  The 
lack  of  data  at  these  temperatures  hinders  a  more  accurate 
analysis,  but  nevertheless  it  allows  for  an  estimation  of  the 
size  of  the  anti-invar  effect.  In  this  particular  alloy  the  total 
volume  enhancement  amounts  to  0.77%.  A  similar  analysis 
for  an  alloy  with  x: =80  at.  %,  for  which  the  data  of  an  earlier 
measurement  was  used,®  yields  1.34  at.  %.  For  x=65  or  63 
at.  %  there  is  no  volume  enhancement  in  the  paramagnetic 
state. 

The  total  volume  enhancement  in  3d  systems  as  a  func¬ 
tion  of  eja  is  plotted  in  Fig.  4.  The  curves  for  AF  and  FM 
Invar  are  adapted  from  Refs.  1  and  11.  The  broken  line  for 
ela<8  shows  the  anticipated  behavior  of  anti-Invar  on  the 
AF  side.  The  figure  clearly  demonstrates  that  the  volume 
effects  associated  with  anti-Invar  can  be  larger  than  that  in 
Invar. 
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X-ray-absorption  fine  structure  from  the  rare-earth  L3  edges  in  R2Fei7N3_;t  (R=Sm,  Pr,  or  Nd), 
x~0.2,  establishes  that  these  nitrides  have  2.6±0.6  nitrogen  atoms  bonded  2.54-2.57  A  from  the 
rare-earth  site.  The  observed  enhancement  of  the  nitrogen  backscattering  from  magnetically  oriented 
powders  of  Sm2Fei7N3_;c  establishes  that  between  80%  and  100%  of  the  nitrogen  atoms  occupy 
9(c)  sites  of  the  Sm2Fei7N3_;c.  No  evidence  is  found  for  partial  nitrogen  occupancy  of  the  18(g) 
sites  in  Sm2Fei7N3_;t. 


Compounds  with  the  stoichiometry  R2Fei7  (R  denotes 
rare  earth)  form  for  all  the  lanthanides,  except  lanthanum.^ 
The  structure  of  these  compounds  is  a  variant  of  the  CaCus 
structure  with  pairs  of  Fe  atoms  replacing  one-third  of  the 
rare-earth  atoms.  Coey  and  Sun^  discovered  that  interstitial 
nitrides  can  be  prepared  from  the  R2Fej7  series,  and  that 
nitriding  produces  a  remarkable  increase  in  Curie 
temperatures.^’'*  In  general,  the  Curie  temperatures  for  the 
resulting  nitrides  are  approximately  700  K  with  only  a  weak 
dependence  on  the  identity  of  the  rare  earth.  The  resulting 
nitrides  have  either  the  rhombohedral  Th2Znj7  or  the  hexago¬ 
nal  Th2Nii7  structure  depending  on  whether  the  rare  earth  is 
trom  the  beginning  or  end  of  the  lanthanide  series.  Ail  the 
nitrides,  except  Sm2Fei7N3_;(,  have  basal-plane  magneto- 
crystalline  anisotropy. 

X-ray-absorption  fine  structure  (XAFS)  investigations 
on  randomly  oriented  powders  of  Sm2Fei7N3_;^  have  been 
previously  reported.^’®  While  these  studies  concluded  that  N 
occupied  the  9(e)  sites  in  the  Th2Zni7  structure,  they  do  not 
exclude  the  possibility  of  partial  occupancy  of  other  sites 
2.54-2.56  A  from  the  rare-earth  site.  Neutron-diffraction 
studies  on  Y2Fei7N3__(  and  Nd2Fei7N3_^  have  also  been 
reported.’  For  Y  nitride,  neutron  diffraction  finds  nitrogen 
occupies  only  the  9(e)  sites.  For  Nd2Fei7N3_^,  however,  the 
nitrogen  is  found  to  occupy  both  the  9(e)  and  18(g)  sites 
with  maximal  occupancies  of  1.8  and  0.72  nitrogen  atoms, 
respectively.  Such  a  large  dependence  of  the  nitrogen  site 
occupancy  on  the  rare-earth  site  identity  is  unexpected;  for 
example,  the  related  Nd2Fei4B  structures  are  isomorphic,  i.e., 
the  structural  parameters  of  these  compounds  are  indepen¬ 
dent  of  the  rare-earth  species. 

The  existence  of  a  second  occupied  nitrogen  site  in 
Nd2Fei7N3__t  found  by  neutron  diffraction  prompted  us  to 
extend  our  previous  EXAFS  and  x-ray  appearance  near-edge 
structure  (XANES)  studies  on  the  technologically  most  inter¬ 
esting  of  the  R2Fei7  nitrides,  Sm2Fei7N3_^.  In  this  work,  we 
report  measurements  on  magnetically  oriented  samples  of 
Sm2Fei7N3_^  to  determine  if  there  is  significant  partial  oc¬ 
cupancy  of  the  18(g)  site  in  the  Sm  nitride.  The  EXAFS 
measurements  on  oriented  samples  provide  a  direct  method 
to  identify  the  plane(s)  containing  the  N  atoms,  and  a  greater 
sensitivity  to  any  partial  N  occupancy  of  the  18(g)  sites  in 
these  systems.  In  addition,  EXAFS  and  XANES  measure¬ 
ments  were  made  on  unaligned  samples  of  Pr2Fei7N3_^  and 

Nd2Fei7N3_;,. 

Polycrystalline  powders  of  R2Fei7N3_^  (R=Pr,Nd,Sm) 


for  this  work  were  prepared  following  a  procedure  similar  to 
that  of  Coey  and  Sun.^  Details  of  our  sample  preparation  of 
the  Sm  compounds  have  been  given  earlier.^  The  ground 
powders  had  single-phase  x-ray-diffraction  patterns  of  the 
rhombohedral  Th2Zni7  structure  (space  group  R3m),  with  the 
lattice  parameters  given  in  Table  I.  Subsequently,  a  portion  of 
each  of  the  R2Fej7  powders  was  heated  in  N2  at  700-800  K 
for  16  h.  The  x-ray-difffaction  peaks  of  these  nitrided  pow¬ 
ders  were  shifted  relative  to  those  of  the  corresponding 
R2Fej7  parent  compound,  consistent  with  the  previous 
Th2Zni7  structure,  but  with  expanded  lattice  parameters. 
Also,  a  small  amount  of  a-Fe  was  evident  in  the  diffraction 
patterns.  The  parameters,  given  in  Table  I,  are  close  to  those 
previously  reported  by  Buschow  et  al.  for  these  nitrides.'* 
Samples  for  the  measurements  on  aligned  powders  were 
made  by  suspending  finely  ground  powders  (-500  mesh)  in 
paraffin.  These  samples  were  then  placed  in  the  field  of  an 
electromagnet  to  align  the  basal  planes  of  these  compounds 
in  the  same  direction.  Well-aligned  samples  were  obtained  by 
suspending  these  powders  in  melted  paraffin  and  reversing 
the  polarity  of  a  ~  15  kOe  field  several  times. 

X-ray-absorption  spectra  were  measured  initially  on 
beamline  A3  at  the  Cornell  High  Energy  Synchrotron  Source 
(CHESS),  and  repeated  on  beamline  Xll  at  the  National 
Synchrotron  Light  Source  (NSLS)  using  Si(lll)  double¬ 
crystal  monochromators.  The  13-edge  spectra  from  R2Fei7 
and  R2Fei7N3_;t  are  all  dominated  by  a  single  peak  near  the 
absorption  threshold  similar  to  the  spectra  for  the  corre¬ 
sponding  trivalent  reference  compounds.  There  were,  how¬ 
ever,  small  consistent  differences  in  the  L  3-edge  spectra  be¬ 
tween  the  parent  R2Fei7  compounds  and  their  nitrides.  First, 
the  white  line  is  higher  and  narrower  in  the  nitrides.  Second, 
the  leading  edge  of  the  absorption  spectrum  for  each  nitride 
is  shifted  ~1  eV  higher  than  its  parent.  The  edge  shifts  pro¬ 
duced  by  nitriding  are  analogous  to  the  edge  shifts  caused  by 


TABLE  I.  Th2Zni7  structure  lattice  parameters. 


Compound 

a  (A) 

c  (A) 

Pr^Fep 

8.5781 

12.4509 

PrzFeivNj., 

8.7796 

12.6237 

NdjFep 

8,5638 

12.4470 

NdjFepN,-, 

8.7635 

12.6345 

Sm2Fei7 

8.5476 

12.4354 

Sm^Fe^Nj-;, 

8.7307 

12.6300 
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oxidation,  but  are  much  smaller  in  magnitude. 

The  Fe  X^-edge  XANES  of  these  compounds  also  reflects 
an  alteration  of  the  Fe  environment  produced  by  nitriding. 
The  near-edge  threshold  for  R2Fei7  is  0.4±0.1  eV  lower  than 
the  threshold  for  a-Fe.  This  suggests  that,  relative  to  or-Fe, 
there  is  a  net  electron  transfer  to  the  Fe.  Assigning  an  ap¬ 
proximate  valence  to  Fe  based-on  this  shift  is  difficult.  This 
is  the  result  of  the  considerable  variability  in  the  rate  with 
which  3rf  transition-metal  edges  shift  with  valence.®  Nomi¬ 
nally,  the  threshold  shifts  for  the  3d  K  edges  are  ~1  eV  per 
unit  valence,®  which  suggests  the  average  valence  of  the  Fe 
sites  in  R2Fei7  is  anionically  shifted  by  ~0.4  with  respect  to 
a-Fe.  Indeed,  this  is  qualitatively  consistent  with  the  valence 
of  -6/17  that  is  anticipated  from  the  formal  rare-earth  va¬ 
lence  and  the  compound  stoichiometry.  The  absorption 
thresholds  of  R2Fej7N3_;f  are  shifted  ~0.2  eV  relative  to 
their  parents  toward  the  a-Fe  absorption  thresholds.  From 
this  shift  of  the  edge,  it  appears  that  Fe  environment  in  the 
nitride  is  intermediate  between  its  anionic  state  in  R2Fe,7  and 
covalent  state  in  a-Fe.  We  also  note  that  the  intensity  of  the 
pre-edge  peak  in  a-Fe,  R2Fe,7Njj,  and  R2Fej7  increases  as 
the  average  volume  of  the  Fe  site  decreases. 

These  XANES  results  imply  a  small  negative  charge 
transfer  to  the  nitrogen  for  all  three  nitrides.  These  shifts 
imply  that  nitrogen  is  slightly  anionic.  While  nitrogen  cat¬ 
ions  are  small,  the  covalent  radius  of  nitrogen  is  0.75  A,  and 
the  anion  is  even  larger.  This  steric  consideration  strongly 
suggests  that  for  the  R2Fe,7  lattice  only  the  9(e)  and  18(g) 
sites  are  large  enough  to  accommodate  an  interstitial  nitro¬ 
gen. 

In  the  simplest  approximation*®  the  EXAFS  oscillations 
are  given  by 

.Y=S  ^  sin{2kr,  +  2d,+  9i,),  (1) 

where  the  summation  extends  over  the  coordination  shells  of 
the  probed  atom.  For  the  )th  component,  is  the  number  of 
atoms  in  the  shell,  f^(^)  the  atomic  backscattering  ampli¬ 
tude,  (T  the  mean-square  relative  displacement*'  of  the  ef¬ 
fective  radius  ,  and  dt,{k)  is  the  backscattering  pltase  shift. 
The  other  factors  determining  x{k)  are  the  central  atom 
phase  shift  d^k)  and  the  inelastic  mean  free  path  of  the 
photoelectron  \.  Due  to  the  dependence  of  EXAFS  on  the 
chemical  state  of  the  atom,  the  most  reliable  determinations 
of  bond  distances  and  coordination  numbers  are  made  when 
the  backscattering  phase  and  amplitude  functions  are  ob¬ 
tained  from  a  chemically  and  structurally  similar  compound. 
In  general,  if  the  same  atomic  species  occupies  inequivalent 
lattice  sites  then  the  sum  in  Eq.  (1)  must  be  performed  for 
each  inequivalent  site  and  averaged  according  to  site  multi¬ 
plicity.  In  the  Th2Zni7  structure  the  rare  earths  occupy  only 
one  inequivalent  lattice  site  [the  6(c)]  while  there  are  four 
inequivalent  Fe  sites.  As  a  consequence,  analysis  of  the  rare- 
earth  EXAFS  is  simpler  and  more  direct  than  the  Fe  EXAFS. 

Because  of  the  close  relationship  between  the  parent 
compounds  and  these  nitrides,  the  parent  compounds  are  ex¬ 
cellent  models  for  the  rare-earth  backscattering  shells  in  the 
nitrides.  It  is  possible  to  isolate  the  R-N  shell  in  R2Fe|7N3__, 
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FIG.  1.  Analysis  of  the  filtered  EXAFS  data  from  the  first  shell  of 
randomly  oriented  powders  of  R2Fe|7N3_,  (R=Pr,  Nd,  Sm),  using  phase 
and  backscattering  amplitude  functions  from  the  parent  compound  for  the 
R-Fe  shell,  and  the  rare-earth  nitride  for  the  R-N  shell.  The  filtered  data  are 
given  by  the  dotted  lines,  and  the  two  shell  fits  are  shown  by  the  solid  lines. 


simply  from  the  differences  in  the  EXAFS  oscillations  in  the 
following  way:  Since  f{k),  6c{k),  and  d^(k)  vary  slowly 
with  k,  the  phase  difference  in  )({k)  due  to  a  small  (l%-2%) 
uniform  lattice  expansion,  r^-»(l  +  e)ry,  can  be  accounted 
for  by  k  rescaling  k-*kl(X  +  e).  By  plotting  k^x{l^)  for  k>S 
A,  which  accentuates  the  Fe  and  rare-earth  backscattering, 
and  matching  phases,  an  “average”  expansion  of  the  lattice 
can  be  readily  determined.  For  the  three  sets  of  compounds 
we  find  that  the  lattice  expansion  determined  by  this  proce¬ 
dure  is  very  close  to  the  average  of  the  o-  and  a -axis  expan¬ 
sions  determined  from  x-ray  diffraction. 

We  have  analyzed  the  EXAFS  data  from  the  first  shell  of 
randomly  oriented  powders  of  R2Fei7N3_^  using  the  phase 
and  backscattering  amplitude  functions  from  the  parent  com¬ 
pound  for  the  R-Fe  shell,  and  the  rare-earth  nitride  for  the 
R-N  shell.  Since  the  central  atom  phase  shifts  of  Pr  and  Nd 
are  very  similar,  the  Nd-N  shell  from  NdN  was  used  for 
analyzing  the  Pr  compound.  The  R-N  shell  is  not  resolved 
from  the  first  R-Fe  shell  in  these  nitrides,  making  it  neces¬ 
sary  to  fit  the  Fourier-filtered  data  to  a  two-shell  model.  In 
general,  both  the  parent  compounds  and  the  nitrides  were 
Fourier  filtered  between  1.7  and  3.4  A.  Since  the  nitrogen 
backscattering  contributes  to  the  EXAFS  only  below  6  A“*, 
the  uncertainties  in  this  analysis  are  modestly  large.  We  es¬ 
timate  the  uncertainty  in  rare-earth-nitrogen  shell  radius  and 
coordination  number  to  be  ±0.02  A  and  ±1.0,  respectively. 
The  fits  to  the  filtered  data  are  shown  in  Fig.  1,  and  the 
rare-earth-nitrogen  shell  radii  and  coordination  numbers  are 
reported  in  Table  II. 

A  comparison  of  the  Pr  and  Nd  results  to  the  earlier 
work  on  Sm  shows  only  minor  differences  between  the  three 
systems:  a  small  (0.03  A)  contraction  of  the  rare-earth- 
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TABLE  11.  RzFe^N^  EXAFS  results. 


RsFcnNs-x 

f  R-N  (^) 

X 

PfjFepNa., 

2.57i0.02 

0.5±1.0 

Nd2Fei7N3_j. 

2.56+0.02 

0.5±1.0 

Sm2Fe,7N3_;, 

2.54+0.02 

0.2±1.0 

nitrogen  shell  between  Pr  and  Sm,  and  a  slight  difference  in 
the  phase  of  the  nitrogen  backscattering  (due  to  differences 
in  the  central  atom  phase  shift). 

Using  oriented  samples  and  utilizing  the  linear  polariza¬ 
tion  of  synchrotron  radiation,  we  can  further  constrain  the 
occupancy  of  the  nitrogen  site(s).  To  first  order,  the  outgoing 
photoelectrons  produced  by  the  x  ray  follow  a  cos^  0  distri¬ 
bution,  where  0  is  the  angle  between  the  polarization  vector 
and  the  exit  angle  of  the  photoelectron.  By  using  this  cone  as 
a  “flashlight”  to  see  an  enhancement  in  backscattering  from 
a  particular  species,  it  is  possible  to  identify  bond  directions. 

The  (Fourier-filtered)  difference  in  the  EXAFS  oscilla¬ 
tions  from  magnetically  aligned  powders  of  the  Sra2Fej7  and 
Sm2Fei7N3_;t  oriented  in  the  x-ray  beam  so  the  x-ray  polar¬ 
ization  was  parallel  to  their  basal  planes  is  shown  in  Fig.  2. 
There  is  an  enhancement  of  the  intensity  of  the  nitrogen 
backscattering,  which  is  clearly  evident  in  the  difference 
X(k)  shown  in  Fig.  2.  The  backscattering  for  the  oriented 
powder  is  enhanced  by  a  factor  of  1.6±0.2  with  respect  to 
the  randomly  oriented  powders.  If  all  the  nitrogen  atoms  are 
in  the  basal  plane,  i.e.,  in  the  9(e)  sites,  the  enhancement 
factor  should  be  1.5.  For  all  nitrogen  atoms  in  18(g)  sites  the 
nitrogen  backscattering  should  be  diminished  by  a  factor 
~0.75.  Using  the  estimated  uncertainty  of  the  enhancement 
factor  of  ±0.15,  the  measured  enhancement  requires  that 
>80%  of  the  nitrogen  atoms  are  in  the  basal  planes  contain¬ 
ing  the  rare  earth  sites  in  these  compounds,  the  9(e)  site. 
This  is  quite  different  from  the  neutron-diffraction  results  for 
the  Nd  compound  where  ~40%  of  the  nitrogen  was  found  in 
the  18(g)  sites. 

In  summary,  the  small  shifts  observed  in  the  rare-earth 
13-edge  and  iron  X-edge  absorption  thresholds  between  the 
parent  R2Fei7  compounds  and  their  nitrides  imply  that  nitro¬ 
gen  is  nearly  covalent  in  the  nitrides.  Based  on  the  steric 
requirements  of  nearly  covalent  N,  the  only  sites  large 
enough  to  accommodate  nitrogen  are  those  of  9(e)  and 
18(g)  symmetry.  For  R2Fei7N3_j  the  R-N  shell  radii  range 
from  2.57  to  2.54  A  for  R=Pr,  Nd,  or  Sm.  A  composite 
estimate  of  the  nitrogen  occupancy  from  the  three  nitrides 
gives  a  R-N  coordination  of  2.6  ±0.6.  The  observed  enhance¬ 
ment  of  the  nitrogen  backscattering  from  the  oriented 
Sm2Fej7N3_;f  requires  that  >80%  of  the  nitrogen  occupies 
the  9(e)  sites,  though  it  is  fully  compatible  with  100%  oc¬ 
cupancy  of  the  9(e)  site.  This  is  consistent  with  the  structure 


FIG.  2.  A  comparison  of  the  Fourier-filtered  difference  between 
SmjFepNs-^  and  the  SmjFep  EXAFS  oscillations  for  magnetically 
aligned  powders  (solid  line)  and  unaligned  (dotted  line). 

found  by  neutron  diffraction  for  the  Y  homologue  of  this 
series. 
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Exchange  stiffness  and  magnetic  anisotropies  in  bcc  Fei-xCOx  aiioys 
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Brillouin  scattering  measurements  from  several  bcc  Fe]_;(CO;c  epitaxial  films  are  reported.  The 
magnetic-field  dependence  of  the  spin-wave  spectrum  as  well  as  the  in-plane  directional  dependence 
of  the  surface  magnon  are  determined.  The  saturation  magnetization  of  the  alloys  was  measured 
independently  through  superconducting  quantum  interference  device  magnetometry.  Self-consistent 
fitting  of  the  magnon  dispersions  determined  from  the  separate  Brillouin  experiments  provide  values 
for  the  concentration  dependence  of  the  exchange  stiffness  D,  the  fourth-order  crystalline  cubic 
anisotropy  K^,  and  surface  anisotropies  and  K^  p,  In  agreement  with  ferromagnetic  resonance 
data,  Kx  is  found  to  change  sign  for  x  beyond  about  35  at.  %  while  D  steadily  increases  with  cobalt 
concentration  up  to  x~0.5  and  subsequently  decreases  in  two  Co-rich  samples. 


Despite  tremendous  recent  progre.*!*!.  itinerant  ferromag- 
nets  such  as  the  3d  metals  continue  to  provide  challenges  in 
understanding  their  electronic  properties.  The  central  prob¬ 
lem  remains  that  of  electron  correlations  and  their  influence 
on  various  magnetic  properties.  On  the  one  hand, 
magnetotransport'  and  existence  of  a  Fermi  surface^  show 
that  these  electrons  have  a  delocalized  band-state  character 
and  display  extended  moment  features.  On  the  other,  the 
Curie-type  high-temperature  magnetic  susceptibility^  argues 
for  localized  atomiike  behavior.  It  is  important  to  recognize 
that  these  mutually  opposite  extremes  are  connected  continu¬ 
ously  by  varying  the  relative  strength  of  the  electron-electron 
interaction  U/W,  where  U  and  W  are  the  intra-atomic  Cou¬ 
lomb  energy  and  bandwidth,  respectively. 

The  recent  successful  growth  of  epitaxial  bcc  Fe,  _;tCo^ 
films,''  that  include  elemental  bcc  Co  (Ref.  5)  and  bcc  Fe  as 
end  members,  offers  a  unique  opportunity  to  address  some  of 
the  important  issues  relating  to  itinerant  ferromagnets.  The 
possibility  to  systematically  vary  a  few  critical  parameters 
that  influence  the  renormalization  of  bare  interaction  param¬ 
eters  and  the  occupation  numbers  in  k  space,  allows  for  a 
study  of  their  effects  on  the  spin  dynamics.  Located  toward 
the  end  of  the  3d  series,  it  is  believed  that  the  hep  phase  of 
cobalt  is  more  strongly  correlated  than  bcc  Fe.®’’  The  band¬ 
width  W  of  metastable  bcc  Co  (Refs.  8  and  9)  is  approxi¬ 
mately  l.S  eV  smaller  than  that  of  hep  Co  making  this  phase 
of  Co  one  of  the  most  strongly  correlated  3d  ferromagnets. 
Thus,  in  moving  across  the  alloy  series  the  strength  of  the 
correlation  is  directly  varied  from  the  strongly  correlated  bcc 
Co  limit  to  the  weak  fenomagnet  bcc  Fe. 

It  is  special  that  all  Fei_^Co^  films  (O^x^l)  are  grown 
in  registry  with  the  same  substrate  and  stabilized  in  the  bcc 
phase.''  Hence,  the  series  is  characterized  by  one  crystal 
structure  and  essentially  uniform  lattice  parameters.  This  fea¬ 
ture  thus  allows  for  direct  comparison  of  the  magnetic  prop¬ 
erties  of  different  alloys,  without  modeling  the  uncertain  ef¬ 
fects  of  lattice  spacings  and  crystal  structures. 

A  correct  description  of  dynamical  spin  fluctuations  in 
the  intermediate  regime  between  local  and  itinerant  magne¬ 


tism  is  essential  to  a  unified  theory,  and  thus  the  spin  suscep¬ 
tibility  X(q,o>)  is  a  key  parameter.'"  The  imaginary  part  of 
X(q,w)  is  observed  by  light  scattering  from  spin  waves 
where  the  energy  of  long-wave  magnons  is  given  by 
fi(o=Dq^.  For  small  q  and  w,  D  can  be  calculated  rigorously 
and  its  sign  and  magnitude  are  a  direct  measure  of  the  sta¬ 
bility  of  the  ferromagnetic  state."  D  is  also  of  interest,  since 
the  variation  of  the  Curie  temperature  with  composition 
seems  to  be  largely  controlled  by  the  low-temperature  value 
of  D.'’  Magnetic  anisotropies,  both  surface  and  volume  con¬ 
tributions,  also  play  a  crucial  role  in  the  stabilization  of  long- 
range  ferromagnetic  order  in  laminar  geometries. 

In  this  article  we  report  on  Brillouin  scattering  measure¬ 
ments  from  thermal  magnons  in  five  Fej.^Co^  films  (Table 
I).  The  magnetic-field  dependence  and  anisotropies  of  the 
spin-wave  characteristics  relative  to  the  crystalline  axes  are 
utilized  to  determine  D(x)  and  the  anisotropy  constants  Jf, 
(volume  magnetocrystalline),  Ks,p  (surface  in  plane)  and  K, 
(surface  out  of  plane).  With  increasing  Co  concentration 
(0.3^x«0.47)  D  is  found  to  increase  from  470  to  800 
meV  and  then  decrease  in  two  samples  for  x>0.6.  We 
also  determine  that  Ki  changes  sign  from  being  positive  to 
negative  at  x~0.35,  a  result  consistent  with  ferromagnetic 
resonance  measurements.'' 

The  Fei_^Co^  (001)  films  several  hundred  angstroms 
thick  were  fabricated  by  molecular-beam  epitaxy  on  ZnSe 
(OOl)-epilayered  GaAs  (001)  substrates.  The  films  were  char¬ 
acterized  by  electron  diffraction.  Auger  spectroscopy,  and  the 
final  alloy  composition  measured  by  x-ray  fluorescence.''  The 
average  magnetic  moments  of  the  films  were  determined  at 
room  temperature  with  a  superconducting  quantum  interfer¬ 
ence  device  (SQUID)  magnetometer. 

The  Brillouin  measurements  were  performed  at  room 
temperature  utilizing  up  to  100  mW  of  p-polarized  \=514.5 
nm  laser  light. Two  independent  Brillouin  experiments 
were  carried  out  on  each  film.  In  one,  the  field  dependence  of 
the  bulk  (Og  and  surface  magnon  frequencies  was  mea¬ 
sured,  since  their  response  is  particularly  sensitive  to  D.  In  a 
second  series  of  measurements,  H  was  rotated  in  finite  steps 
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TABLE  I.  Properties  of  bcc  Fe|_jOrj  films  deduced  from  Brillouin  and  magnetometry  measurements.  The  alloy  samples  are  (001)  oriented  and  grown  on 
ZnSe-epilayered  GaAs.  The  pure  bcc  Co  film  was  grown  directly  on  GaAs  and  (110)  oriented.  The  value  for  D  for  the  latter  film  is  that  reported  in  Ref.  13, 
with  the  value  of  Ki  from  Ref.  14. 


bcc  Co 

TC032C0068 

T*Oi3Gbo47 

TC063C0037 

Feo7Coo3 

Thickness  (A) 

357 

800 

210 

170 

225 

47tM  (kG) 

15.5 

18.1  ±  0.2 

17.0  +  0.3 

20.1  ±  0.4 

19.7  +  0.2 

yTltr 

(GHz/kG) 

3.02±0.03 

3.03+  0.03 

3.40±  0.05 

3.20±  0.05 

3.00+  0.03 

(10*  erg/cm’) 

-6.6 

0.0  +  0.1 

1 

bo 

1+ 

p 

-1.2  ±  0.2 

2.0  +  0.2 

K,  (erg/cm^) 

-1.7 

-1.5  +  0.2 

-0.21  ±  0.05 

-0.54+  0.02 

0.15+  0.02 

^j,p  (erg/cm^) 

0.00+  0.02 

-0.06+  0.02 

-0.04+  0.02 

0 

0 

+  1 

0 

0 

0  (meV  A^) 

325+40 

476  +15 

800  +50 

530  +17 

470  ±14 

away  from  the  [100]  axis  by  an  angle  <f)if  and  the  magnon 
frequencies  determined.  These  experiments  provide  for  the 
magnetic  anisotropies.  Results  for  the  spin-wave  stiffness 
previously  determined'^  from  pure  bcc  (llO)  Co  films  grown 
directly  on  to  GaAs  substrates  are  also  included  in  the  fol¬ 
lowing  section.  Thus  comparing  its  surface  anisotropies  with 
those  of  other  samples  should  be  done  with  caution. 

Figure  1  shows  a  series  of  Brillouin  spectra  from 
Feo53Coo47  in  different  applied  magnetic  fields.  The  stron¬ 
gest  feature  S  in  the  spectra  is  the  surface  mode  Wj .  With 
increasing  H,  <0,  increases  steadily.  The  weaker  peak  at 
higher  frequency  shifts  is  the  first  bulk  magnon  (Og^.  The 
corresponding  spin-wave  frequencies  are  plotted  as  a  func¬ 
tion  of  H  in  the  inset  to  Fig.  1.  The  solid  lines  are  a  fit  to  the 
field  dependence  data  based  on  the  analysis  discussed  below. 
Figure  2  shows  spectra  of  the  surface  mode  from  Feg  53C00.47 
as  a  function  of  <^77  at  //=2  kG.  Reflecting  magnetic 
anisotropies  in  the  films,  Wj  displays  an  oscillatory  behavior 
with  (f)g  that  is  summarized  in  the  inset  to  Fig.  2.  The  solid 


Frequency  Shift  (GHz) 

FIG.  1.  Brillouin  spect.  3  of  Feoj3COo47-  The  magnetic  field  H  was  directed 
along  [100].  The  angle  cf  incidence  was  21°.  The  inset  shows  the  surface  oi, 
and  first  bulk  cus  spin-wave  frequencies  as  a  function  of  H.  The  solid  lines 
ate  a  fit  using  our  model. 


curve  is  the  result  of  calculations  presented  below.  Similar 
Brillouin  spectra  with  comparable  quality  of  fits  were  ob¬ 
tained  from  the  other  samples.  The  resuKs  for  M,  the  satura¬ 
tion  magnetization,  as  determined  from  SQUID  magnetom¬ 
etry,  are  summarized  in  Table  I. 

The  Brillouin  data  for  the  H  and  <^77  dependence  are 
utilized  self-consistently  to  determine  the  important  spin- 
wave  parameters  in  Fei_^Co^.  The  field-dependent  data 
were  analyzed  as  detailed  in  our  previous  studies.'^  Briefly, 
we  utilize  Maxwell’s  equations  and  the  equation  of  motion  of 
M.  Boundary  conditions  related  to  the  continuity  of  the  nor¬ 
mal  and  in-plane  magnetic  fields  at  the  film  interfaces  as  well 
as  the  general  exchange  boundary  conditions'^  MxCViyjEsuif 
-DdiAldn)  where  £surf  surface  anisotropy  energy  den¬ 
sity  and  n  the  unit  vector  normal  to  the  film  are  enforced. 
The  resulting  set  of  homogeneous  equations  yield  nontrivial 
solutions  only  if  the  corresponding  determinant  is  zero.  The 
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FIG.  2.  Brillouin  spectra  of  Feo53Coo47  as  a  function  of  <t>H ,  the  angle  of  the 
magnetization  direction  with  respect  to  [100].  The  measurement  was  done  at 
H=2  kG  and  the  angle  of  incidence  was  21°.  The  inset  summarizes  the 
oscillatory  behavior  of  (o,(<^h).  The  solid  line  is  a  fit  to  the  data. 
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determinant  is  employed  in  an  iterative  scheme  where  D,  % 
Ki,  K^p,  and  K,  are  varied  to  satisfy  the  condition  of  a 
vanishing  determinant.  The  held  dependence  of  (Og  and  is 
most  sensitive  to  D  and  y. 

The  anisotropy  constants  have  a  strong  influence  on 
<Os{(j>n)  and  the  dependence  can  be  derived  from  the 
free-energy  density  to  yield,  for  qd<^l,  the  expression*^ 


_  ,/e9+/<»<6[l  +  2/(9^f)]+4irA/2 

l  +  l/(qd) 

where,  for  (001)  growth, 

fgg=MH  cos{<t>-  <f>n)+Kx{A  sin'*  4>~A  sin^  <^+2) 

MH  cosi(f>- <f>fi)+Kx(16  sin^  ^-16  sin^  <f>+2) 


{K-K,,p  cos[2(<^-<^o)]}. 


fgg^nd  are  second  derivatives  of  the  free-energy  density 
with  respect  to  dand  4),  evaluated  at  the  equilibrum  angles.  0 
is  the  polar  angle  of  M  with  respect  to  [001]  and  4>  the 
azimuth  angle  with  respect  to  [100].  is  the  tilting  angle  of 
K,  p  with  respect  to  [100],  q  the  in-plane  magnon  wave  vec¬ 
tor,  and  d  the  Aim  thickness. 

Dispersion  of  the  oi{H)  magnon  branches  is  obtained 
from  the  numerical  iteration  scheme  and  provides  excellent 
fit  to  the  data.  For  example,  calculations  for  Feo53Coo47  are 
shown  as  solid  lines  in  the  inset  to  Fig.  1.  Similarly  data  for 
oi^(4>h)  '-4ed  utilizing  Eq.  (1).  The  parameters  Ki,Kj, 

K^  p ,  and  were  used  iteratively  to  provide  the  best  fit  to 
the  (t),(4>H)  data.  The  anisotropy  constants  thus  deduced 
agreed,  within  the  error  bars,  with  those  values  determined 
from  the  w{H)  behavior.  A  typical  fit  for  is  shown  in 

Fig.  2.  The  resulting  parameters  are  listed  in  Table  I. 

Although  elemental  bcc  Fe  is  fenomagnetic,  fee  Fe  is 
antifenomagnetic  as  is  the  neighboring  element  Mn.  Thus, 
Fe  is  on  the  boundary  between  ferromagnetism  and  antifer¬ 
romagnetism.  The  increasing  values  for  D  determined  in  the 
Fe-rich  Fei_;fCo^  alloys  indicate  an  intrinsic  stability  of  fer¬ 
romagnetism  in  these  alloys.  The  variation  of  D  with  com¬ 
position  in  bulk  alloys  of  Fe  with  a  limited  Co  concentration 
(x^O.50)  was  measured  by  neutron  scattering  in  1965.** 
While  our  values  for  D  are  generally  consistent  with  these 
measurements  for  high  Fe  concentrations,  D  for  the  x—O.S 
sample  deduced  from  the  present  study  is  about  60%  larger. 
The  reason  for  this  deviation  is  unclear,  and  may  be  related 
to  differences  in  sample  quality;  no  details  of  structural  or 
magnetic  characteristics  of  the  alloys  utilized  in  Ref.  16  are 
available.  The  decrease  in  D  we  find  for  the  Jt=0.68  and 
x-1  films  suggest  that,  if  the  Curie  temperature  is  largely 
determined  by  spin-wave  excitations,  Tg  is  decreasing  in  this 
Co  concentration  regime. 


Model  band  calculations  by  Edwards  and  Muniz**  yield 
an  explicit  formula  for  D  for  an  alloy  with  varying  electron 
concentrations.  The  theory  has  been  applied*^  to  Fej_;tCO;c 
and  predicts  an  increase  in  D  of  over  50%  from  the  pure  Fe 
value  to  that  in  Feo  sCogs  and  thus  is  qualitatively  in  agree¬ 
ment  with  our  measurements.  However,  reasons  for  the  de¬ 
creasing  trend  in  the  measured  magnitude  of  D  for  the  two 
Co-rich  films  (Feo.32Coo  68  and  bcc  Co),  which  is  similar  to 
reports  on  the  dependence  of  D  on  x  from  bulk  Fej  _;tCr^ 
alloys,**  are  not  readily  apparent.  Qualitative  differences  as 
x->l  in  the  local  minority  and  majority  density  of  states 
from  which  the  local  moments  are  derived  are  particularly 
relevant.  Moreover,  what  effect  do  the  strong  electron  corre¬ 
lations  expected  in  bcc  Co  play  in  the  spin-wave  stiffness  D? 
Such  questions  have  been  addressed  by  Callaway  and 
Wang,***  who  considered  the  effect  of  electron  correlations  on 
D  using  spin-dependent  local  exchange  plus  correlation  po¬ 
tential  of  a  ferromagnetic  electron  gas.  It  is  shown  that  in  this 
simple,  though  unrealistic,  model  correlations  do  lead  to  a 
substantial  reduction  in  D.  In  real  correlated  metals  such  as 
bcc  cobalt,  the  reductions  should  continue  to  be  present,  but 
their  magnitude  is  unknown. 

In  summary,  Brillouin  measurements  on  Fej-^^Co^  al¬ 
loys  have  provided  the  composition  dependence  of  the  ex¬ 
change  stiffness,  the  cubic  and  surface  anisotropy  constants. 
D{x)  increases  steadily  until  x~0.5  beyond  which  it  is  found 
to  decrease.  The  composition  dependence  of  is  strong  and 
changes  sign  around  x~0.35.  These  measurements  of  D{x) 
and  ^i(x)  in  well-characterized  Fej.^Co^  alloys  should  en¬ 
able  testing  current  first-principle  calculations  on  spin  fluc¬ 
tuations  in  the  regime  between  local  and  itinerant  magnetism 
and  magnetic  anisotropies  without  being  burdened  by  extra¬ 
neous  issues  such  as  structural  and  lattice  constant  modifica¬ 
tions. 

Work  at  OSU  was  supported  by  the  NSF  and  that  at  NRL 
by  the  Office  of  Naval  Research. 
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Approach  to  the  electronic  structure  of  antiferromagnets 
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A  study  of  a  simple  band  model  of  a  commensurate,  two-dimensional  antiferromagnet  is  briefly 
described.  A  self-consistent  calculation  shows  a  transition  from  a  paramagnetic  to  a  metallic 
antiferromagnetic  state  when  an  interaction  is  stronger  than  a  critical  value.  The  transition  is 
accompanied  by  a  change  in  size  (large  to  small)  of  the  Fermi  surface.  An  insulating  state  may  be 
obtained  if  there  is  exactly  one  electron  per  site. 


I.  INTRODUCTION 

Although  density  functional  theory  is  expected  to  give 
an  exact  description  of  the  ground  state  of  a  system  of  elec¬ 
trons,  calculations  based  on  the  local  spin  density  approxi¬ 
mation  (LSDA)  frequently  give  quite  unsatisfactory  results 
for  antiferromagnetic  insulating,  transition-metal 
compounds.*'^  In  some  cases  (CoO,  I>a2Cu04,  for  example), 
the  materials  are  predicted  to  be  metallic,  contrary  to  fact.  In 
other  cases  (MnO,  NiO)  which  are  predicted  to  be  insulating 
at  T =0,  the  gap  is  too  small,  and  the  magnitude  of  the  local 
moment  is  too  small.  Several  different  procedures  have  been 
advocated  to  avoid  these  difficulties:  One  can  employ  a 
model  Hamiltonian  approach  which  contains  parameters  rep¬ 
resenting  LSD  bands  combined  with  other  terms  of  the  Hub¬ 
bard  type  to  represent  short-range  electron  interactions.  The 
methods  of  many-body  theory  can  then  be  employed  to  ob¬ 
tain  a  more  satisfactory  description  of  the  electronic 
structure.^  The  self-consistent  inclusion  of  a  self-interaction 
correction  has  been  proposed  as  a  method  for  modifying  the 
LSDA  itself.'*  However,  the  bands  resulting  from  these  cal¬ 
culations  do  not  appear  to  agree  well  with  results  of  photo¬ 
emission  measurements.  Another  approach  modifies  the 
LSDA  energy  functional  by  the  addition  of  two  Hubbard¬ 
like,  orbital-dependent  terms.^ 

Here  we  propose  another  procedure,  similar  to  that  of 
Anisimov  and  co-workers,^  but  intended  to  retain  what  we 
consider  to  be  an  important  feature  of  the  LSDA,  indepen¬ 
dence  of  an  orbital  basis.  Specifically,  we  add  to  the  ex¬ 
change  correlation  potential  of  the  standard  LSDA,  a  “mag¬ 
netic  pseudopotential”  which  is  determined  from  the  spin 
density  in  the  magnetic  state.  The  pseudopotential  contains 
an  arbitrary  constant  which  is  intended  to  be  adjusted  so  that 
some  important  calculated  property,  such  as  a  spin  moment, 
or  an  energy  gap,  agrees  with  experiment.  Since  the  pseudo¬ 
potential  involves  the  spin  density,  a  self-consistent  calcula¬ 
tion  is  required. 

In  this  article  we  report  the  application  of  this  procedure 
to  a  simple  model,  reserving  the  question  of  its  utility  in 
quantitative  investigations  of  real  materials  to  a  subsequent 
publication. 

II.  MODEL 

We  discuss  a  simple  two-dimensional  (square)  antiferro¬ 
magnet  in  a  two-sublattice  approximation.  Spiral,  incom- 
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mensurate,  and  disordered  systems  are  not  considered.  We 
use  for  the  ordinary  potential  of  the  chemical  lattice 

V(cos2TTxla  +  cos2Try/a),  (1) 

where  a  is  the  chemical  lattice  constant.  We  investigate  the 
possible  establishment  of  an  antiferron  agnetic  state  by  an 
interaction  (the  magnetic  pseudopotential), 

4Up-aiKi)cos  TTxIa  cos  Ttyla.  (2) 

This  term  is  added  to  the  Schrodinger  equation  for  electrons 
of  spin  or,  a  corresponding  term  which  is,  however,  propor¬ 
tional  to  pa{K^  is  added  to  the  corresponding  equation  for 
spin  -cr.  The  quantity  is  the  magnitude  of  the  smallest 
reciprocal  lattice  vector  of  the  magnetic  structure.  A  conse¬ 
quence  of  introducing  the  potential  (2)  is  to  add  a  term  to  the 
energy  (i.e.,  to  the  exchange  correlation  functional), 

N{K,)Upl{K,),  (3) 

where  N[K-[)  is  the  number  of  wave  vectors  in  the  star  of 
(4  in  the  present  example). 

The  calculation  of  the  band  structure  with  the  use  of  Eq. 
(2)  has  to  be  made  self-consistently,  since  it  involves 
p.JJK.^,  which  has  to  be  obtained  from  the  wave  functions. 
Two  features  which  result  from  the  self-consistency  require¬ 
ment  deserve  comment  as  follows. 

(i)  The  model  obeys  the  theorem  of  Kohn  and  Nettel.*’  In 
general,  an  antiferromagnetic  solution  can  arise  self- 
consistently  in  systems  of  two  and  three  dimensions  only  for 
U  greater  than  some  minimum  value.  This  does  not  apply  in 
one  dimension,  and  these  are  exceptions  for  band  structures 
with  special  features,  such  as  perfect  nesting.  In  this  respect, 
the  present  model  differs  significantly  from  the  usual  nearest- 
neighbor  tight  binding  band  often  employed  in  the  study  of 
high-Tj.  superconductors,  for  which  any  repulsive  Hubbard 
interaction,  no  matter  how  weak,  leads  to  an  antiferromag¬ 
netic  state. 

(ii)  The  model  is  not  equivalent  to  the  imposition  of  a 
staggered  magnetic  field,  a  device  which  has  already  been 
employed  in  some  LSDA  calculations’  and  can  also  lead  to 
antiferromagnetism.  In  the  present  case,  the  interaction  in¬ 
volves  a  Fourier  coefficient  of  the  spin  density.  This  Fourier 
coefficient  depends  on  both  the  angular  and  the  radial  varia¬ 
tion  of  the  spin  density.  In  contrast,  a  magnetic  field  couples 
only  to  the  net  spin  excess  on  the  site.  We  believe  our  ap¬ 
proach  is  more  flexible  and  capable  of  extension  in  that  ad¬ 
ditional  pseudopotential  parameters  may  be  introduced  if  de¬ 
sired.  It  is  also  more  complicated  because  self-consistency  is 
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required.  Whether  these  differences  in  principle  will  lead  to 
significantly  different  results  remains  to  be  determined  by 
calculations  for  physical  materials. 

III.  RESULTS 

We  summarize  the  essential  results  of  our  calculations 
on  the  two-dimensional  model  below.  It  is  hoped  to  publish  a 
more  complete  account  elsewhere.®  First,  we  consider  the 
half-filled  band  case,  one  electron  per  site. 

In  this  case,  as  U  is  increased  from  zero,  nothing  hap¬ 
pens  until  a  critical  value  is  reached.  At  this  point,  anti- 
ferromagnetism  develops  but  the  system  remains  metallic.  A 
gap  develops  around  the  point  (7r/2,7r/2)  in  the  two- 
dimensional  Brillouin  zone  which  gradually  diminishes 
along  the  diagonal  line  to  (tt.O).  The  lowest  state  at  (7r,0)  is 
doubly  degenerate.  There  is  a  pocket  of  holes  around  (7r,0) 
and  an  electron  pocket  in  the  second  band  around  (irl2,Trl2). 
As  U  is  increased  further,  the  system  becomes  insulating. 
The  transition  between  antifenomagnetic  metal  and  antifer¬ 
romagnetic  insulator  occurs  when  a  nondegenerate  state  in 
the  third  band  falls  below  the  doubly  degenerate  state.  This 
causes  a  reconnection  of  the  band  structure.  The  lowest  band 
is  cut  off  from  the  others  and  is  completely  occupied.  As  t/  is 
further  increased,  the  width  of  the  occupied  band  decreases 
rapidly.  Although  the  model  is  a  band  model,  it  is  natural  to 
describe  the  large  U  system  as  localized. 

It  is  convenient,  in  presenting  quantitative  results  to  re¬ 
move  the  lattice  constant  from  the  problem  by  modifying  the 
usual  Rydberg  atomic  units  so  that  the  unit  of  energy  is 
(47r^/a^)Ry,  a  being  the  lattice  constant  in  Bohr  units.  One 
may  observe  that  lir/a  is  not  very  far  from  unity  for  many 
physical  systems,  so  that  for  qualitative  purposes,  energies 
are  roughly  Rydbergs.  The  values  we  quote  for  U  and  V 
below  are  in  these  units. 

Now  we  consider  occupancies  per  site  different  from 
1.  For  small  values  of  the  system  is  nonmagnetic.  As 
increases,  there  is  a  transition  to  an  antiferromagnetic  but 
still  metallic  state.  In  this  state,  the  Fermi  surface,  which  is 
shown  in  Fig.  1,  comes  into  contact  with  the  boundary  of  the 
Brillouin  zone.  The  portion  of  the  Fermi  surface  in  contact 
with  the  zone  boundary  effectively  disappears  since  there  is 
an  antiferromagnetic  gap  on  the  boundary.  The  Fermi  surface 
consists  of  pockets  of  holes  around  the  zone  comers,  which 
fill  in  as  >1.  The  value  of  the  hole  doping  at 

which  the  transition  between  antiferromagneiic  and  para¬ 
magnetic  states  occurs  depends  on  both  U  and  V  [the 
strength  of  the  ordinary  potential  Eq.  (1)].  In  the  case  shown 
in  Fig.  1,  the  transition  occurs  at  about  n  -0.73. 

A  diagram  showing  the  critical  value  Uc  as  a  function  of 
rtg  is  presented  in  Fig.  2.  This  has  been  computed  for  a  rela¬ 
tively  small  value  of  V  (0.15).  We  see  that  Uc  is  rather  flat  as 
tig  decreases  from  1.  'iTie  curve  turns  up  at  about  nc=0.8, 
V.  >ich  is  close  to  the  value  7r/4  at  which  a  free-electrcn 
Fermi  circle  would  come  into  contact  with  the  (magnetic) 
zone  boundary.  Fo.'  smaller  than  this,  Uc  rises  rapidly 
because  large  distortion  of  the  free-electron  Fermi  circle  is 
required  to  establish  an  antifenomagnetic  state. 

The  value  of  the  “hole”  concentration  required  cause  a 
transition  to  a  nonmagnetic  state  in  this  example  (^0.2)  is 


FIG.  1.  Fermi  “surfaces.”  'I\vo  irreducible  wedges  are  combined  to  show 
symmetry.  Curves;  (a)  «,=0.90;  (b)  rt,=0.80;  (c)  n,=0.75:  (d)  n,'=0.72. 
Parameters:  V=0,15, 1/=0.55. 


much  larger  than  that  for  which  it  occurs  in  some  cuprate 
superconductors;  however,  alternative  parameters  can  readily 
be  found  for  which  the  critical  value  of  <S(4)  is  much 
smaller.  As  examples,  we  note  that  for  F=0.5  and  [7=1.6,  it 
occurs  for  <5c"«0.07,  while  for  V=0.5  and  [7=1.5,  4=0.01. 
In  general,  when  V  increases,  the  curve  of  [7,.  vs  becomes 
steeper. 

Luttingcr’s  theorem’  asserts  that  the  volume  enclosed  by 
the  Fermi  surface  in  an  interacting  system  is  the  same  as  the 
volume  enclosed  by  the  Fermi  surface  in  a  noninteracting 
system  of  the  same  n, .  However,  this  theorem  does  not  ap¬ 
ply  when  there  is  a  change  in  the  spatial  periodicity.  This 
does  change  when  ai'tiferromagnetism  disappears. 


FIG.  2.  The  critical  potential  strength  for  a  transition  from  a  paramagnetic  to 
a  metallic  antiferromagnetic  state  as  a  function  of  occupancy  n, .  This  dia¬ 
gram  was  calculated  for  V=0.1S.  The  antiferromagnetic  insulating  phase 
occurs  only  for  /i,=l  and  l/>0.46. 
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An  rtg  increases  beyond  1,  qualitatively  similar  but  quan¬ 
titatively  different  behavior  occurs.  Elliptical  electron  pock¬ 
ets  in  the  second  band  are  formed  around  the  point  (■7r/2,7r/2). 
These  expand  toward  X.  Utlimately,  the  pockets  reach  X, 
antiferromagnetism  disappears,  and  a  large  Fermi  surface  re¬ 
appears.  As  /ig  increases  still  further  toward  2,  the  Fermi 
surface  changes  to  holelike,  corresponding  to  a  nearly  full 
band. 

In  summary,  we  have  explored  a  simple,  self-consistent 
band  model  which  exhibits  a  transition  between  a  paramag¬ 
netic  and  an  antiferromagnetic  state  when  an  interaction  is 
stronger  than  a  critical  value.  The  transition  is  accompanied 
by  a  change  in  size  (large  to  small)  of  the  Fermi  surface.  If 
there  is  exactly  one  electron  per  site,  an  insulating  state  may 
be  formed.  We  believe  this  approach  may  be  readily  gener¬ 
alized  to  apply  to  realistic  electronic  structure  calculations. 
Obviously,  the  utility  of  our  approach  in  realistic  calculations 
will  depend  on  whether  it  is  possible  to  obtain  agreement 
with  experiment  with  the  use  of  a  small  number  (one  or  two) 
magnetic  pseudopotential  parameters.  This  remains  to  be 
tested. 
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The  magnetic  properties  of  the  isostructural  compounds  URu2Si2  and  URh2Si2  are  compared  in 
order  to  ascertain  the  different  role  played  by  Ru  vs  Rh.  The  total  magnetic  moment,  obtained  by 
spin-polarized  electronic  calculations  with  the  full  potential  augmented  plane-wave  method  within 
local  spin-density  approximation,  agrees  quite  satisfactorily  with  the  measured  one  in  URh2Si2, 
whereas  it  is  orders  of  magnitude  too  big  in  URu2Si2.  However,  important  differences  are  found 
among  the  two  compounds:  These  are  the  substantial  contribution  to  the  total  magnetic  moment  of 
negative  d  spin  polarization  and  the  larger  radial  extention  and  asphericity  of  the  magnetization 
density  (in  two  crystal  planes)  in  the  Ru  compound  compared  to  the  Rh  compound.  Also,  the  / 
positive  spin-polarization  density  on  U  differs  in  the  two  compounds.  This  should  result  in  different 
magnetic  form  factors  in  diffraction  experiments. 


URu2Si2  and  URh2Si2  form  in  the  tetragonal  ThCr2Si2 
structure  whose  atomic  coordination  is  shown  in  Fig.  1.  Both 
compounds  order  with  a  simple  antiferromagnetic  (AFM)*"^ 
stacking  along  the  c  axis  and  their  effective  magnetic  mo¬ 
ment  at  high  temperature  is  close  to  that  of  the  ion. 
However,  besides  the  structural  similarities  in  the  paramag¬ 
netic  and  ordered  phases,  the  two  compounds  show  dramati¬ 
cally  different  behavior  below 

The  measured  magnetic  moment  is  =0.03;tiB/f.u.  and 
1.96/u.B/f.u.  below  and  138  K  in  URu2Si2  (Ref.  2) 

and  URh2Si2,^  respectively.  Moreover,  URu2Si2  is  a  heavy- 
fermion  antiferromagnet  (specific-heat  coefficient  7=180 
mJ/mol  K^),  becomes  a  superconductor^’"*  below  K, 

and  shows  several  other  peculiarities  in  the  specific  heat, 
thermal  expansion,^  magnetic  excitations,'  and 
susceptibility.® 

Tentative  explanations  for  the  phenomenology  of 
URu2Si2  have  been  given  in  terms  of  crystal  field’  or  qua- 
drupolar  order,®’*  but  none  is  thoroughly  consistent  with  all 
the  experimental  observations  at  the  time.  On  the  other  hand, 
none  of  the  anomalies  found  in  URu2Si2  has  been  observed 
in  URh2Si2,  whose  low-temperature  behavior  fits  in  the  trend 
of  other  isostructural  compounds.^ 

Presently,  we  undertake  ab  initio  electronic  structure  cal¬ 
culations  for  the  two  compounds  to  investigate  the  different 
role  played  by  Ru  compared  to  Rh  in  the  paramagnetic  and 
ordered  phases.  Electronic  effects  due  to  the  valence  con¬ 
figuration  of  the  metallic  ion  seem  to  be  of  extreme  impor¬ 
tance  as  suggested  by  magnetization  measurements'*  on  poly¬ 
crystals  of  URuj_;tRh_,Si2.  In  the  ternary  compound  the 
behavior  oiT^  versus  concentration  changes  drastically  for 
values  of  x  that  do  not  affect  the  volume  considerably.  This 
behavior  reminds  us  of  the  transition  from  a  magnetic  to  a 
moment-reduced  Kondo  state  [e.g.,  CeAg  (Ref.  10)],  due  to 
the  increase"  of  the  Anderson  hybridization. 

The  self-consistent  calculations  are  made  with  a  full  po¬ 
tential  augmented  plane-wave  (FLAPW)  method*’  within  the 
local  spin-density  approximation*’  (LSDA).  We  use  for  both 
compounds  the  lattice  constants’  of  URu2Si2,  a  =4.124  A 
and  c =9.582  A,  the  actual  volume  difference  among  the  two 
compounds  amounting  to  =1%. 

Numerical  results  in  the  paramagnetic  state  yield,  at  , 


a  dominant  density  of  states  (DOS)  «;  with  /  character  on  U 
and  d  character  on  the  transition-metal  ion,  in  bot'*'  .:om- 
pounds  {nf  is  of  the  order  of  4  states/eV  U  ce  jther  / 
states  as  well  as  Si  states  contribute  negligibly  at  in  both 
cases.  The  integrated  density  of  occupied  states  amounts  to 
about  2.8,  2.7  el/U  for  f  states  and  6.5  el/Ru,  7.5  el/Rh  for  d 
states  in  URu2Si2  and  URh2Si2,  respectively.  The  Stoner  fac¬ 
tor  in  the  paramagnetic  phase  is  found  to  be  equal  to  1.0  in 
URh2Si2  and  to  0.88  in  URu2Si2. 

There  are  differences  among  the  two  compounds  in  the  / 
and  d  density  of  states  close  lo  Ep.  Worthy  of  notice  in 
URu2Si2  is  the  occurrence  of  a  partial  splitting  of  the  f  DOS 
in  a  higher  peak  above  and  a  lower  peak  below  Ep.  The 
latter  has  a  =l-eV-wide  resonance  below  Ep  with  a  high 
peak  of  Estates  from  Ru. 

The  spin-polarized  calculations  are  done  in  the  ferro¬ 
magnetic  configuration  for  both  compounds.  Although  not 
the  ground  state,  the  ferromagnetic  phase  is  obtained  in  the 
presence  of  an  external  field.*"*  We  focus  on  the  ferromag¬ 
netic  phase  since  we  believe  that  the  effects  on  the  magnetic 
properties  of  the  different  valence  configuration  of  Ru  and 
Rh  are  qualitative  the  same  as  in  the  antiferromagnetic 
phase.  Results  of  spin-polarized  calculations  are  summarized 
in  Table  1. 

In  URh2Si2  the  total  moment  agrees  satisfactorly  with 


FIG.  1.  Atomic  coordination  of  the  tetrahedral  structure  of  URu2Si2  and 
URh2Si2.  The  c  axis  passes  through  the  U  (black/white  dot)  atom  and  two  Si 
(black)  atoms  The  plane  (010)  contains  one  U,  four  Ru/Rh,  and  two  Si 
atoms.  The  basal  plane  (001)  contains  four  Ru/Rh  atoms  (white/black  dot). 
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TABLE  I.  Total  magnetic  moment  and  most  relevant  I  partial  components 
from  different  atoms  (in  parentheses)  in  UX2Si2  (where  X=Ru,  Rh)  ob¬ 
tained  from  spin-polarized  calculations  in  the  ferromagnetic  configuration. 


Type 

/£j-  (/ta/f.u.) 

IXf  (/XsAl) 

Aa  (Ab/U) 

fjLi  (/Ha/X2) 

URu,Si, 

1.37 

1.41 

0.07 

-0.22 

URh2Si2 

1.83 

1.75 

0.07 

-0.08 

the  experimental  one:  The  /  component  contributes  =96%  to 
the  total  magnetic  moment.  In  URu2Si2  the  LSDA  total  mo¬ 
ment  is  lower  due  to  a  conspicuous  antiparallel  contribution 
from  the  d  states  on  Ru  (lacking  on  the  Rh  compound)  and  to 
a  lower  /  polarization.  fJLj  is,  however,  in  very  bad  agreement 
with  the  measured  value  in  URu2Si2,  as  also  found  in 
previous*^  electronic  structure  calculations  for  the  antiferro¬ 
magnetic  phase.  These  results  support  a  posteriori  the  idea 
that  the  type  of  magnetic  order  is  not  crucial  to  understand 
the  different  behavior  of  the  two  materials. 

In  Figs.  2  and  3  we  report  the  most  relevant  partial  DOS 
for  the  spin-polarized  case  in  the  two  compounds.  The  split¬ 
ting  found  in  the  paramagnetic  /  DOS  of  URu2Si2  is  en¬ 
hanced  by  the  exchange  field  but  only  for  the  majority  spin 
component.  This  fact,  along  with  the  different  spin  polariza¬ 
tion  of  the  d  electrons  in  Ru  and  Rh,  brings  us  to  look  at  the 
spatial  distribution  of  the  magnetization  density. 

We  plot  in  Figs.  4  and  5  the  net  spin  polarization  in  two 
crystal  planes  parallel  and  perpendicular  to  the  c  axis  (see 
Fig.  1).  It  can  be  seen  that  in  the  plane  (010)  the  symmetry  of 


Energy(eV) 


FIG.  3.  Same  as  in  Fig.  2,  for  l)Rh2Si2. 


the  majority  spin  density  on  U,  essentially  /-like,  as  well  as 
the  minority  spin  density  of  essentially  the  d  states  on  the 
metallic  ion,  is  different  in  the  two  compounds.  Also,  in  the 
basal  plane  (001),  the  negative  spin  density  on  Rh  is  quite 


FIG.  2.  Minority  and  majority  spin  DOS  of  URu2Si2  on  U  (top)  and  on  Ru 
(bottom).  The  solid  line  refers  to  /  states  on  U  and  d  on  Ru.  Minor  / 
components  are  also  indicated  by  dotted  lines. 


FIG.  4.  Magnetization  density  in  the  crystal  plane  (010)  (upper  panel)  and 
(001)  (lower  panel)  of  URu2Si2.  Continuous  and  dotted  lines  indicate  the 
contours  of  positive  and  negative  spin  density,  respectively.  Contours  are 
equally  spaced  by  1.0  el/cell. 
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FIG.  5.  Same  as  in  Fig.  4,  for  URh2Si2. 


different  from  Ru,  with  a  larger  asphericity  and  inhomoge¬ 
neity  on  the  latter  ion. 

The  results  obtained  so  far  suggest  the  following  major 
conclusions. 

There  are  two  main  differences  found  presently  among 
URh2Si2  and  URu2Si2  and  must  stem  only  from  the  outer¬ 
most  configuration  of  Ru  compared  to  Rh  and  not  from  vol¬ 
ume  effects,  as  follows. 

(i)  The  d  minority  spin  polarization  on  Ru  is  about  three 
times  larger  than  on  Rh.  lliis  substantial  spin  polarization 
has  not  been  found  in  previous  calculations'*  in  the  AFM 
configuration  nor  pointed  out  explicitly  in  any  experimental 
measurement.  Worthy  of  notice  is  that  the  d  spin  polarization 
on  Ru  and  Rh  is  not  proportional  to  the  U  /  moment  (see 
Table  I). 

(ii)  The  spatial  distribution  of  the  magnetization  density 
calculated  in  the  two  planes  (001),  (010)  has  a  different  pro¬ 
file  and  magnitude  in  the  two  compounds.  As  a  consequence, 
one  would  expect  substantially  different  magnetic  form  fac¬ 
tors  in  the  two  compounds,  especially  in  the  (001)  plane 
since  the  contribution  from  the  Ru  minority  spin  density  has 
a  radial  extension  twice  as  large  as  Rh.  The  different  mag¬ 
netization  density  patterns,  both  on  U  and  Ru/Rh  atoms,  sug¬ 
gest  that  the  magnetic  coupling  in  the  two  planes  shown  in 
Figs.  4  and  5  may  differ  considerably  ii.  he  two  compounds. 
From  the  analysis  of  the  total  valence-charge  density  in  the 
same  planes  we  find  that  in  URu2Si2  the  charge  density  on 
Ru  near  the  nucleus  is  higher  in  the  (001)  than  in  the  (010) 


plane.  In  the  latter  case  the  interstitial  charge  density  is  sub- 
stiantially  nonuniform.  In  URh2Si2  the  role  of  the  two  olanes 
is  reversed  and  the  interstitial  charge  density  in  the  plane 
(010)  is  roughly  half  that  of  URu2Si2.  This  raises  the  ques¬ 
tion  of  the  validity  of  the  point-charge  model  in  the  determi¬ 
nation  of  the  crystal-field  parameters  in  URu2Si2  and  the  role 
of  the  crystal  field  in  determining  the  superconducting  pair¬ 
ing  in  heavy-fermion  compounds.'* 

As  found  in  several  compounds  of  Ce  with  moderate  or 
strong  correlation,  the  strength  of  the  hybridization, 
increased"  by  pressure  or  composition,  may  drive  a  transi¬ 
tion  from  a  (anti)ferromagnetic  to  a  spin-compensated 
Kondo  ground  state.  Since  this  behavior  is  actually  shown  by 
URuj_^Rh^Si2  for  .x>0.3,  calculations  of  the  hybridization 
in  the  two  compounds  is  in  progress.  Worth  noticing  is  that 
in  URu2Si2  a  strong  hybridization  is  expected  between  the  U 
/,  the  Ru  d  states,  and,  possibly.  Si  p  states.  If  this  is  the 
case,  one  would  be  in  the  presence  of  Anderson  hybridiza¬ 
tion  due  to  metallic  superexchange.  This  might  render  the 
spin-spin  coupling  strongly  dependent  on  the  crystal-field 
state. 
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In  TbP04,  an  antiferromagnetic-phase  transition  is  accompanied  by  a  cooperative  Jahn-Teller  effect 
involving  a  Tb  ion-lattice  coupling  that  induces  a  tetragonal-to-monoclinic  distortion  of  the  crystal 
lattice  and  an  associated  readjustment  of  the  Tb  electronic  states  as  required  by  the  lowering  of  the 
rare-earth-site  symmetry.  The  laser-excitation  and  emission  spectra  of  TbP04  and  0.1%  Tb-doped 
YPO4  single  crystals  were  studied  at  temperatures  below  and  above  the  phase  transitions.  The  line 
shapes  of  transitions  in  the  stoichiometric  compound  are  unusually  broad  and  asymmetric  while 
those  observed  for  the  dilute  compound  are  relatively  sharp.  In  addition,  the  TbP04  spectra  show  an 
anomalous  temperature  dependence  near  the  phase  transition,  indicating  strong  interactions  of  the 
rare-earth  ions  with  their  local  environments.  In  the  present  work,  a  comparison  of  the  optical  results 
with  the  results  of  new  neutron-scattering  measurements  is  made. 


I.  INTRODUCTION 

Rare-earth  orthophosphates,  RPO4  (R=Tb-Lu),  crystal¬ 
lize  in  the  tetragonal  zircon  structure  (space  group  /4,/am</) 
in  which  four  equivalent  rare-earth  ions  in  a  unit  cell  occupy 
sites  of  D24  symmetry.  The  low-temperature  magnetic  prop¬ 
erties  of  these  compounds  are  strongly  influenced  by  the 
symmetry  of  the  rare-earth  low-lying  states  that  are  split  by 
crystal-field  effects.  The  Tb,  Dy,  and  Ho  compounds  have 
doublet  ground  states  dominated  by  \J±Jm)  components  of 
large  ,  while  the  Er,  Tm,  and  Yb  compounds  have  ground 
states  that  are  either  energetically  isolated  singlets  or  Kram¬ 
ers  doublets  with  a  highly  isotropic  spin-magnetization  den¬ 
sity.  Consequently,  long-range  antiferromagnetic  ordering 
has  been  observed  only  in  the  former  compounds  with  Neel 
temperatures  Tf/=2.28,  3.4,  and  1.39  K  for  TbP04,  DyP04, 
and  H0PO4,  respectively.*'^  The  antiferromagnetic  phase  has 
a  simple  “two-sublattice”  structure  with  the  direction  of  the 
rare-earth  magnetic  moment  lying  parallel/antiparallel  to  the 
crystallographic  c  axis.  Many  magnetothermal  properties, 
such  as  the  magnetic  susceptibility  and  heat  capacity  of  these 
materials,  can  be  adequately  desc;'bed  by  either  a  three- 
dimensional  Ising  model'*’*  or  by  a  molecular-field  theory.^ 

TbP04  differs  from  the  DyP04  and  H0PO4  antiferromag- 
nets  in  the  occurrence  of  an  additional  Jahn-Teller  transition 
at  2.15  K  where  the  Tb  ion-lattice  coupling  induces  a  distor¬ 
tion  of  the  tetragonal  lattice  to  a  monoclinic  structure  with  a 
corresponding  tilting  of  the  Tb  moments  away  from  the  te¬ 
tragonal  c  axis  in  the  (110)  plane.^'^  A  number  of  investiga¬ 
tions,  both  experimental  and  theoretical,  have  previously 
been  undertaken  in  attempts  to  understand  the  intriguing 
properties  of  TbP04.  In  particular,  the  interpretation  of  the 
optical-absorption  and  emission  spectra  (as  well  as  electronic 
Raman-scattering  data)  of  TbP04  are  complicated  by  unusu¬ 
ally  broad  transitions  and  asymmetric  line  shapes.  Since  the 
excited  states  of  Tb*^  ions  in  a  variety  of  materials  are 
known  to  participate  in  various  energy-transfer  processes  in¬ 
volving  excitonic  fluorescence,  relaxation,  and  dispersion  in¬ 
duced  by  magnetic-exchange  interactions,***'**  we  have  per¬ 
formed  optical-absorption  and  emission  as  well  as  neutron¬ 


scattering  experiments  on  both  single-crystal  and  powder 
samples  of  Tb^Yi_;,P04  in  an  attempt  to  clarify  the  nature  of 
the  Tb-Tb  interactions  at  low  temperatures.  This  article  pre¬ 
sents  results  which  provide  new  insight  into  the  properties  of 
the  magnetic  transitions  within  the  Tb*'*^  ’Fg  ground  multi- 
plet  and  electronic  transitions  between  the  ’Fg  and  *^4  mul- 
tiplets  in  both  the  paramagnetic  and  antifenomagnetic  phases 
of  the  Tb^Yi_;^P04  (x=0.01  and  1)  compounds. 


II.  EXPERIMENTAL  DETAILS 

Single  crystals  of  TbP04  and  0.1%  Tb:YP04  were 
grown  by  dissolving  and  reacting  the  appropriate  rare-earth 
oxides  in  molten  lead  pyrophosphate  at  high  temperature*'* 
followed  by  subsequent  slow  cooling.  Polycrystaliine  pow¬ 
ders  of  TbP04  were  prepared  by  the  technique  of  precipita¬ 
tion  from  molten  urea.**  The  resulting  samples  were  exam¬ 
ined  by  x-ray  and  neutron  diffraction  and  were  found  to  have 
the  appropriate  zircon  structure.  A  tunable  dye  laser  pumped 
by  a  pulsed  Nd:YAG  laser  was  used  in  the  optical-absorption 
and  fluorescence  experiments.  The  laser  linewidth  was  0.4 
cm'*.  Fluorescence  emission  from  the  lowest  con^ponent  of 
the  *^4  multiplet  was  dispersed  by  a  monochromator  and 
detected  by  a  cooled  photomultiplier.  Signals  from  the  pho¬ 
tomultiplier  were  averaged  using  a  DEC  minicomputer.  The 
optogalvanic  effect  in  a  uranium-argon  hollow-cathode  lamp 
was  used  for  wavelength  calibration  of  the  excitation  spectra. 
The  single-crystal  samples  were  mounted  in  an  optical  cry¬ 
ostat  with  the  c  axis  perpendicular  to  the  incident  laser  beam. 
Low-temperature  measurements  (T ^4.2  K)  were  performed 
with  the  samples  immersed  in  liquid  helium,  and  the  helium 
vapor  was  pumped  in  order  to  reduce  the  temperature  to 
below  the  \  point. 

Inelastic  neutron-scattering  measurements  were  per¬ 
formed  using  the  QENS  spectrometer  at  the  Argonne  spalla¬ 
tion  neutron  source  IPNS.  The  energy  resolution  of  the 
QENS  spectrometer  varies  smoothly  from  about  0.12  meV 
(0.96  cm'*)  at  the  elastic  position  to  «0.45  meV  (3.6  cm'*) 
at  an  energy  transfer  of  10  meV.  A  sample  consisting  of 
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TABLE  I.  The  energies  and  linewidths  (in  cm"')  of  the  transi¬ 

tions  of  Tb^'*'  in  TbP04  and  in  YPO4. 


States 

TbP04 

0.1%Tb;YPO4* 

energies 

8K 

Energies 

Linewidths 
1.5  K 

1.5  K 

4.2  K 

r, 

20443.2(1) 

20440 

1.0 

20431.8(1) 

20447.0(3) 

20438.6(1) 

Ps 

20456.0(5) 

20455 

10.6 

20441.4(3) 

P3 

20  479.8(1) 

20478 

1.8 

20461.3W 

r, 

20  492 

20473.4(1) 

P5 

20502.5(5) 

20  500 

9.4 

20485.1(1) 

P4 

20512.9(3) 

20509 

3.4 
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•All  the  linewidths  are  less  than  0.3  cm"'. 


FIG.  1.  Laser-excitation  spectra  of  the  transitions  of  Tb^'*'  (0.1%) 

in  YPO4  at  8  K:  (a)  a  polarization  and  (b)  it  polarization.  The  numbers  label 
the  symmetries  of  the  excited  states,  e.g.,  5  denotes  a  Fs  state. 

approximately  30  g  of  polycrystalline  TbP04  was  cooled  in  a 
conventional  helium  cryostat  and  used  in  the  neutron¬ 
scattering  experiments. 

III.  RESULTS  AND  DISCUSSION 

The  excitation  spectra  of  0.1%  Tb^'*^:YP04  at 

8  K  obtained  with  both  the  a  (photon  electric  field  E 1  the 
crystallographic  c  axis)  and  tt  (E||c  axis)  polarization  are 
shown  in  Fig.  1.  Under  the  D2d  point-group  symmetry,  the 
Tb^"^  ground  multiplet  is  split  by  the  crystal  field  into 
seven  singlets,  2ri+r2+2r3-l-2r4,  and  three  doublets,  SFs, 
and  the  excited  multiplet  is  split  into  five  singlets, 
2ri+r2+r3+r4,  and  two  doublets,  2r5.  The  Fs  doublet 
ground  state  has  been  previously  identified  by  neutron  and 
optical  studies.'®-'*  The  seven  observed  peaks  shown  in  Fig. 
1(a)  can  be  interpreted  as  excitations  from  the  F5  ground 
state  to  the  seven  crystal-field-split  states  in  ^£>4.  The  selec¬ 
tion  rules  for  electric-dipole  transitions  allow  only  F5<-+Fs 
and  F3*->F4  transitions  in  the  7r-polarization  and  F5<->Fj_2,3.4 
transitions  in  the  rr-polarization  configuration;  however, 
some  of  the  formally  forbidden  transitions  were  observed — 
probably  due  to  imperfect  polarization  conditions.  The  ener¬ 
gies  and  linewidths  of  the  transitions,  determined  by  nonlin¬ 
ear  fits  of  the  data  to  the  reference  uranium  and  argon  lines, 
are  listed  in  Table  I.  It  can  be  seen  that  all  of  the  optical 
transitions  of  the  Tb*^  ions  in  the  dilute  sample  are  very 
sharp  (Fig.  1)  with  measured  linewidths  between  0.4  and  0.5 
cm“'.  Given  that  the  laser-line  resolution  is  0.4  cm“',  inho¬ 
mogeneous  line  broadening  in  this  sample  cannot  exceed  0.3 
cm"'.  In  addition,  intrinsic  broadening  of  the  lines  due  to 
Tb-Tb  interactions  and  zero-field  hyperfine  splitting  are  neg¬ 
ligibly  small. 

In  the  case  of  the  observed  optical  and  neutron  spectra  of 
the  stoichiometric  compound  TbP04,  the  optical  transitions 
in  the  2.2-80  K  temperature  range  are  unusually  broad  and 
the  lines  are  asymmetric.  Figure  2(a)  shows  a  typical  excita¬ 
tion  spectra  of  TbP04  observed  at  approximately  4.2  K  in  the 
TT-polarization  configuration.  The  transitions  from  the  ground 
state  to  the  two  F5  and  the  F3  states  of  the  multiplet  are 


broadened  into  three  bands  with  linewidths  of  more  than  10 
cm“'.  At  the  lower  temperature  of  1.5  K,  we  observed  that 
these  bands  remained  broad,  and  new  weak  narrow  lines  ap¬ 
peared  [see  Fig.  2(b)].  The  assigned  transition  energies  and 
the  estimated  linewidths  for  TbP04  are  given  in  Table  I.  The 
small  difference  in  the  energies  of  the  levels  between  the 
0.1%  Tb:YP04  and  the  stoichiometric  TbP04  samples  re¬ 
flects  the  somewhat  different  crystal-field  environments  in 
these  two  materials. 

The  crystal-field  excitations  from  the  ground  state  to  the 
next  four  higher  states  within  the  ground  multiplet,  as 
measured  by  neutron  scattering  at  1.5  and  4.2  K,  are  shown 
in  Fig.  3.  The  observed  transitions  at  both  4.2  and  1.5  K  are 
significantly  broader  than  the  instrumental  resolution.  This 
indicates  that  the  peaks  are  intrinsically  broadened  by  inter¬ 
actions  of  the  Tb  magnetic  moments  with  the  environment. 
In  fact,  at  4.2  K  the  first  three  states  at  0,  3.8,  and  7.8  cm"', 
determined  by  a  detailed  inelastic  neutron-scattering  study,’® 
are  merged  into  a  band  exhibiting  an  asymmetric  profile.  The 
strong  peak  evident  at  zero  energy  in  the  7=4.2  K  spectrum 
originates  from  magnetic  elastic  scattering  within  the  doubly 
degenerate  F5  ground  state.  At  1.5  K,  the  degeneracy  is  lifted 
by  the  reduction  of  site  symmetry  due  to  the  tetragonal-to- 
monoclinic  distortion  of  the  lattice.  As  a  result,  the  elastic 
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FIG.  2.  Laser-excitation  spectra  of  the  transitions  of  Tb^"'^  in 

TbP04  in  IT  polarization:  (a)  r=4.2  K  and  (b)  1=1  5  K. 
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FIG.  3.  The  low-energy  excitation  spectra  of  TbP04  obtained  by  neutron 
scattering  at  4.2  and  1.5  K.  The  energy  resolution  of  the  spectrometer  varies 
smoothly  from  about  0.12  meV  (0.96  cm"')  at  the  elastic  position  to  <>•0.45 
meV  (3.6  cm"')  at  £=10  meV.  Both  spectra  contain  a  residual  nuclear 
elastic-scattering  component  (shaded  area)  arising  from  the  sample  and  con¬ 
tainer. 


intensity  diminishes  and  the  spectrum  shifts  to  higher  ener¬ 
gies  by  approximately  4  cm“*.  Long-range  magnetic  order¬ 
ing  has  set  in,  and  the  neutron  spectrum  represents  a  measure 
of  the  magnon  density  of  states.  The  energy-level  scheme,  as 
determined  by  neutron  measurements,  agrees  well  with  that 
obtained  from  the  optical  emission  spectra  of  the  *£>4  Fj  state 
to  the  ground  multiplet. 

The  present  optical  and  neutron-scattering  measurements 
have  provided  new  information  regarding  crystal-field  effects 
and  magnetic  interactions  in  the  Tb;,Yi_;4P04  system  at  low 
temperatures.  In  the  dilute  limit  of  0.1%  Tb  in  YPO4,  the 
Tb-Tb  interactions  are  determined  to  be  negligible  and 
single-ion  crystal-field  transitions  give  rise  to  sharp  peaks 
which  are  observed  in  the  optical  spectra  at  all  temperatures. 
The  narrow  linewidths  of  these  excitations  indicate  that  the 
effects  of  defect-induced  inhomogeneous  broadening,  zero- 
field  hyperfine  splitting  due  to  the  nuclear  spins,  and  the 
relaxations  of  the  Tb^"*^  excited  states  are  small.  As  the  Tb 
concentration  increases,  the  probability  for  interactions  be¬ 
tween  a  pair  of  Tb^'*'  excited  states  is  enhanced  under  selec¬ 
tive  excitation  by  the  laser  field  in  an  optical  experiment. 
Such  exciton-exciton  interactions  were,  in  fact,  observed  for 
Tb^Yi_^P04  through  luminescence  studies  reported  by 
Hirano  and  Shionoya'®  and  by  Diggle  and  co-workers.” 

The  present  optical  and  neutron-scattering  experiments 
on  TbP04  have  emphasized  the  study  of  superexchange  in¬ 
teractions  between  the  Tb^"*^  magnetic  moments  at  low  tem¬ 
peratures.  Such  interactions  eventually  lead  to  long-range  an¬ 
tiferromagnetic  ordering  of  the  Tb^^  moments  ?.c  2.28  K  and 
to  a  Tb  ion-lattice  coupling  at  2.15  K.  The  exchange  interac¬ 
tion,  however,  must  intensify  significantly  a.  temperatures 
near  the  phase  transitions,  as  manifested  by  the  broadened 
transitions  present  in  the  optical  and  neutron  spectra  at  4.2  K. 
The  effect  of  inhomogeneous  broadening  can  be  ruled  out  as 


the  cause  of  this  effect  due  to  the  appearance  of  additional 
nanow  peaks  at  1.S  K,  in  the  optical  spectra.  The  signifi¬ 
cance  of  exchange  interactions  between  the  Tb  ions  at  r<50 
K  is  also  supported  by  the  systematic  deviation  of  the  experi¬ 
mentally  obtained  values  for  the  paramagnetic  susceptibility 
;^l  (i.e.,  with  the  applied  field  parallel  to  the  crystallographic 
c  axis),  from  the  calculated  values  that  are  based  solely  on 
single-ion  crystal-field  effects.*®  At  4.2  K,  strong  exchange 
interactions  induce  spin  fluctuations  that  dynamically 
broaden  the  otherwise  sharp  crystal-field  levels  and  reduce 
the  lifetimes  of  the  excitations.  Consequently,  the  transition 
lines  are  broad  and  asymmetric.  At  1.5  K,  the  Tb^^  wave 
functions  are  determined  by  the  diagonalization  of  a  Hamil¬ 
tonian  that  includes  the  effects  of  crystal  fields  and  long- 
range  magnetic  interactions.  In  general,  the  wave  functions 
contain  a  number  of  components  of  \JJm)  and  they  vary 
depending  on  the  spin-wave  propagation  directions.  The 
broad  bands  seen  in  the  spectra  at  1.5  K  may  be  interpreted 
as  magnon-to-optical  exciton-band  transitions.  Such  transi¬ 
tions  have  been  found*^’*’  previously  for  the  case  of  Tb(OH)3 
and  GdCla  and  give  rise  to  broad,  asymmetric  spectra.  The 
magnon  wave  functions  will  also  modify  the  selection  rules 
for  electric-dipole  transitions.  The  additional  narrow  peaks  in 
the  1.5  K  spectra  probably  reflect  such  an  enhancement  of 
some  transition  intensities  as  favored  by  the  selection  rules. 
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Magnetic  structu/es  of  itinerant  electron  systems  (abstract) 
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Under  well-defined  conditions  itinerant  electrons  conspire  to  form  magnetic  moments  that  can  show 
a  variety  of  order  phenomena  in  and  near  the  ground  state.  We  describe  these  quantitatively  using 
energy-band  theory  which  supplies  a  powerful  conceptual  and  computational  tool.  Both  the  density 
functional  and  methodological  bases  are  briefly  reviewed  and  results  are  presented  not  only  for 
noncollinear  antiferromagnetic  moment  arrangements,  but  also  for  states  having  incommensurate 
helical  order  characterized  by  some  wave  vector  q.  In  particular,  we  discuss  the  static  nonuniform, 
exchange-enhanced  magnetic  susceptibility  obtained  for  a  selected  set  of  transition  metals.*  The 
observed  temperature  variation  of  the  electron  density  of  states  of  bcc  iron  can  be  explained  just  as 
that  of  the  5d  states  of  gadolinium.  For  fcc-iron  precipitates  we  find  an  incommensurate 
antiferromagnet  ground  state^  as  observed  by  neutron-diffraction  experiments.  For  other  fnistrated 
antiferromagnets,  like  the  hexagonal  Laves  phase  ThMn2,  we  obtain  an  incommensurate  ground 
state,  again  in  agreement  with  neutron  diffraction  experiments.  Concerning  the  INVAR  problem  we 
add  transverse  magnetic  fluctuations  to  the  longitudinal  fluctuations  that  recently  have  been  quite 
successful  in  explaining  magneto-volume  anomalies  of  INVAR.  Finally,  we  discuss  the 
magnetization  reversal  in  magnetic  multilayers  subject  to  an  applied  magnetic  field. 
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Electronic  structure  and  spin-density  distribution  in  Y2Fei7  (abstract) 

Ming-Zhu  Huang  and  W.  Y.  Ching 

Department  of  Physics,  University  of  Missouri,  Kansas  City,  Missouri  64110 

We  have  calculated  the  spin-polarized  band  structure  of  the  Y2Fei7  compound  in  the  rhombohedral 
structure  using  the  first-principles  self-consistent  orthogonalized  linear  combination  of  atomic 
orbitals  method  in  the  local  spin-density  approximation.  Using  a  real  space  integration  scheme,  we 
have  obtained  the  site-decomposed  magnetic  moments  as  follows:  -0.28/4^  on  Y-6(c),  on 

Fe-6(c),  2.08/iB  on  Fe-9(d),  2.28/i.fl  on  Fe-18(0,  and  2.10  on  Fe-18(h).  Similar  values  are  obtained 
when  the  more  traditional  Mulliken  scheme  is  used.  The  calculated  spin  magnetic  moments  are  in 
good  agreement  with  Mossbauer  data  but  are  somewhat  larger  than  these  obtained  by  Coehoom 
using  the  linear  muffin-tin  orbitals  (LMTO)  method.^  The  calculated  density  of  states  are  similar  to 
that  of  Coehoom’s.  In  order  to  have  a  better  insight  on  the  magnetic  stmcture  of  Y2Fei7,  the  real 
space  spin  density  distributions  are  plotted  and  it  is  shown  that  the  negative  spin  density  on  the  Y 
site  extends  to  a  fairly  large  region.  We  will  extend  our  calculation  to  Nd2Fei7  crystal  and  to  cases 
in  which  the  Fe  atoms  are  selectively  substituted  by  Al,  Si,  and  Ga,  as  well  as  the  effect  of  the  N 
addition.  Previous  OLCAO  calculations^^  on  Nd2Fei7N  systems  were  nonself-consistent  and 
therefore  less  reliable. 
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Energetics  of  bcc-fcc  lattice  in  Fe-Co-Ni  compounds  (abstract) 

E.  G.  Moroni 

Department  of  Theoretical  Physics,  Royal  Institute  of  Technology,  S-10044  Stockholm,  Sweden 

T.  Jarlborg 

Department  of  Condensed  Matter  Physics,  University  of  Geneva,  CH-1211  Geneva  4,  Switzerland 

The  linear  muffin  tin  orbital  method  is  applied  to  compute  the  energy  properties  of  several  ordered 
binary  Fe-Ni,  Fe-Co,  and  ternary  Fe-Ni-Co  compounds  near  the  bcc-fcc  transition,  from  first 
principles.  The  calculations  use  the  local  spin  density  and  the  Perdew-Wang  gradient  corrected 
(  approximation  to  treat  exchange  and  correlation.  We  address  the  importance  of  the  gradient 
conected  approximation  for  the  calculation  of  the  fcc-bcc  energetics  for  these  3D  Fe-based  systems 
\near  the  Fe  rich  region.  By  adding  Co  to  the  Fe-Ni  alloy  it  is  possible  to  reduce  the  volume 
^expansion  accompanying  the  fee  to  bcc  transition.  To  study  these  effects  we  have  considered  the 
Energetics  in  several  ordered  ternary  systems  with  a  fee  and  bcc  lattice.  When  increasing  the  e/a 
r\\tio  from  8.5  (Fe3Ni)  to  8.75  (NiFe2Co)  and  to  9  (Co  or  FeNi)  one  finds  increased  stability  of  the 
F'M  fee  phase  compared  to  the  bcc  phase.  We  observe  also  that  by  increasing  the  e/a  ratio  the 
magnetic  moment  of  the  fee  lattice  becomes  more  stable;  this  induces  an  augmentation  of  the 
spontaneous  magnetostriction  and  a  decrease  of  the  volume  change  accompanying  the  fcc-bcc 
transition.  A  comparison  of  the  different  computed  magnetic  and  ground-state  properties  with 
experimental  data  is  provided. 
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Prediction  of  pressure-induced  changes  in  magnetic  ordering 
of  correlated-eiectron  uranium  systems  (invited) 

Q.  G.  Sheng  and  Bernard  R.  Cooper 
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Experimentally,  hydrostatic  pressure  experiments  provide  a  very  sensitive  way  to  probe  the 
development  of  magnetic  ordering  in  correlated-eiectron  systems.  We  have  now  developed  and 
applied  theory  allowing  us  to  understand  and  quantitatively  predict  the  variation  of  ordering 
temperature  with  pressure  in  uranium-based  correlated-eiectron  materials  on  a  wholly  predictive 
calculated  basis,  i.e.,  without  using  any  experimental  data  as  input  in  the  calculation.  The  theory 
physically  captures  the  changes  in  the/ spectral  density  distribution  in  space  and  time  that  are  driven 
by  pressure-induced  increased  band-/  hybridization.  As  a  test  case,  we  have  predicted  behavior  in 
good  agreement  with  experiment  for  UTe  where  experimentally  (Link  et  al.)  increases  from  104 
K  to  a  maximum  of  181  K  at  7.5  GPa  and  then  decreases  to  156  K  at  17.5  GPa.  Our  calculations: 
(1)  using  full-potential  total-energy  calculations  match  the  experimental  lattice  parameter  change 
with  pressure  within  2%  and  provide  the  decrease  in  average  5/-electron  number;  (2)  extract 
information  from  the  electronic  structure  calculation  on  the  hybridization-induced  changes  and 
insert  this  into  many-body  theory  to  calculate  the  increase  in  two-ion  coupling  with  pressure  (from 
increased  /  spectral  admixture  into  the  bands)  giving  the  initial  increase  in  ;  (3)  calculate  the 
decrease  in  ordering  temperature  (in  terms  of  coupling)  with  decreased  5/  number  (localized 
spectral  density)  which  gives  the  ultimate  decrease  in  . 


In  correlated-eiectron  uranium-based  materials  like 
UTe*'^  and  UPt3,^  the  change  in  magnetic  ordering  in  re¬ 
sponse  to  hydrostatic  pressure  has  interesting  characteristics: 
the  ordering  temperature  rises  with,  or  at  least  is  insensitive 
to,  pressure  initially,  while  the  low  temperature  ordered  mo¬ 
ment  ffio  decreases  or  indeed  plunges  dramatically.  In  the 
case  of  the  weakly  correlated  ferromagnet  UTe,  in  the  mea¬ 
surements  of  Link  et  al}  increases  from  104  K  at  ambient 
pressure  to  a  maximum  of  181  K  at  7.5  GPa  and  then  de¬ 
creases  to  156  K  at  17.5  GPa;  while  the  decrease  of  /»„  with 
the  initial  pressure  in  the  measurements  of  Bartholin  et  al.,' 
while  substantial,  is  not  drastic  in  comparison  to  the  results 
of  Hayden  et  al.^  for  the  heavy-fermion  antiferromagnet 
UPt3.^  For  UPt3,^  the  application  of  2.05-kbar  pre.ssure 
causes  no  observable  change  in  T^;  while  is  drastically 
reduced  by  50%.  If,  as  in  the  mean  field  theory,  the  ordering 
temperature  scales  with  the  two-ion  coupling  J  and  the 
low  temperature  ordered  moment  /«(,:  Tg„i„<rijm„{mo+1), 
then,  in  both  UTe  and  UPt3,  J  increases  and  ni„  decreases 
with  pressure. 

In  order  to  understand  this  behavior,  we  consider  the 
following  effects:  (i)  the  effect  of  pressure  on  the  /  spectral 
weight  distribution  in  real  space;  (ii)  the  effect  of  this  real 
space  /  spectral  weight  distribution  on  hybridization;  (iii)  the 
effect  of  hybridization  on  the  /  spectral  weight  distribution  in 
energy  space;  and  finally,  the  consequences  of  the  effects  in 
(i)-(iii)  on  magnetic  ordering.  These  effects  are  described  as 
follows. 

(i)  Localized  5 /  spectral  loss  in  real  space:  When  pres¬ 
sure  increases,  the  system  responds  with  the  following  reac¬ 
tions:  the  atomic  distance  decreases,  ^  the  volume  of  the 
core  region  reduces,  — »  the  core  potential  becomes  less  at¬ 


tractive,  -»  the  /  states  diffuse  more  of  their  waves  outside 
the  core  region.  This  can  be  described  by  band  structure 
calculations.  In  such  calculations,  the  core  regions  are  repre¬ 
sented  by  muffin-tin  spheres,  supposing  neighboring  muffin- 
tin  spheres  touch,  but  do  not  overlap,  with  each  other.  The  / 
waves(partial  waves  with  orbital  quantum  number  1=3 
within  a  muffin-tin  sphere)  are  singled  out  and  filled  up  to 
the  Fermi  level,  thus  obtaining  the  real  space  localized 
/-electron  number  « f .  Table  I  shows  the  results  of  such  cal¬ 
culations  for  UTe,  from  which  one  can  see  the  decrease  of  itf 
with  pressure.  As  a  result  of  crystalization,  the  /  waves  as  a 
whole  can  no  longer  accommodate  14  electrons  per  atom,  as 
a  free  atom  can.  The  reason  is  that  the  parts  of  the  /  wave 
function  at  large  radial  distances  (or,  outside  the  muffin-tin 
spheres  in  band  structure  calculation)  are  distorted  by  the 
crystal  field  and  lose  the  /  characteristic,  thus  being  excluded 
from  the  /  waves.  Such  5/-shell  spectral  loss  in  the  real 
space  is  stronger  when  the  atoms  are  closer  to  each  other  in 
a  crystal.  A  consequence  of  this  real  space  5/-shell  spectral 
loss  is  the  reduction  of  the  localized  /  moment.  Notice  that 
the  n f  calculated  from  band  structure  theory  is  a  time  aver¬ 
age. 

(ii)  Increase  of  hybridization:  Hybridization  V  depends 
on  the  integral  between  the  /state  <f>f{r)  and  extended  band 
state  ilthiUry-  '^=(4and('')l^l<A/('-)),  where  ^y(r)  consists 
of  both  1=3  orbital  wave  function  contained  within  the 
muffin-tin  sphere  and  crystal-symmetry-dominated  wave 
function  diffusing  outside  the  muffin-tin  sphere.  The  more 
^f{r)  is  diffused  in  space,  the  more  it  overlaps  with  t(tand('')> 
thus  the  larger  the  V.  As  described  in  (i),  pressure  causes 
4>f{r)  to  be  more  diffused,  thus  V  grows  with  pressure.  As  a 
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TABLE  I.  Renormalized  lattice  volume  V/Vo ,  tind  S /  electron  number  rty  at  different  pressures  P  calculated  for 
UTe  from  the  LMTO  band  structure  calculation. 


P  (GPa) 

atmos 

0.98 

2.9 

5.4 

8.3 

11.7 

15.5 

19.7 

VIVo 

1.0 

0.979 

0.952 

0.927 

0.901 

0.877 

O.f’52 

0.828 

«/ 

2.73 

2.71 

2.69 

2.67 

2.64 

2.62 

2.60 

2.58 

consequence,  the  hybridization-induced  two-ion  coupling 
also  grows  with  pressure. 

(iii)  Localized  5 /  spectral  loss  in  energy  space:  Without 
hybridization,  the  5/  states  form  a  nanow  /  peak  in  energy 
space.  When  hybridization  is  turned  on,  parts  of  the /waves 
are  stripped  off  from  the  narrow  /  peak  and  go  to  the  ex¬ 
tended  regions  in  the  energy  space.  This  is  schematically 
shown  in  Fig.  1.  The  parts  of  the  /.waves  in  the  extended 
regions  still  keep  the  /  characteristic;  however,  being  ex¬ 
tended  states,  they  do  not  belong  to  a  single  atom,  but  to  the 
whole  crystal.  In  real  space,  electrons  of  these  parts  of  the  / 
waves  hop  around  among  neighboring  atoms;  and  during 
their  stay  on  a  certain  atom,  they  are  contained  within  a 
muffin-tin  sphere  and  are /-like  in  nature.  The  hopping  is  via 
non-/-extended  bands,  a  result  of  hybridization.  Thus,  the  / 
waves  can  be  viewed  as  consisting  of  two  parts;  one  in  the 
narrow /peak,  (these /waves  arc  stable  on  a  single  atom,  and 
therefore  form  the  localized  /  waves);  the  other  in  the  ex¬ 
tended  regions,  (these  /  waves  hop  among  neighboring  at¬ 
oms,  and  therefore  form  itinerant  /  waves).  The  division  of 
these  two  parts  is  not  clear  cut.  The  addition  of  these  two 
parts  of  the  /waves  on  a  certain  atom,  after  time  averaging, 
gives  the  /  spectral  weight  in  real  space.  The  nf  calculated 
from  the  band  structure  calculation  is  such  a  time  average:  it 
is  an  accumulation  of  all  the /waves,  in  the  /peak  as  well  as 
in  the  extended  regions,  up  to  the  Fermi  level.  As  a  conse¬ 
quence,  not  all  of  contributes  to  the  stable  local  /moment; 
instead,  parts  of  n^,  belonging  to  the  extended  states  and 
being  itinerant,  do  not  always  follow  the  magnetic  polariza¬ 
tion  of  the  local  moment.  Since  this  effect  is  hybridization- 
induced,  it  also  grows  with  the  pressure. 

We  can  see  in  the  foregoing  that  as  pressure  increases, 
effects  in  (i)  lead  to  effects  in  (ii),  which  further  leads  to 
effects  in  (iii).  In  other  words,  the /spectral  loss  in  real  space 
enhances  hybridization;  and  hybridization  enhances  the  / 
spectral  loss  in  energy  space.  The  /  spectral  loss  in  real  space 
reduces  the  local  moment  by  turning  /  waves  into  non-/- 
waves  [described  in  (i)];  the  /  spectral  loss  in  energy  space 


FIG.  1.  / spectrum  in  energy  space.  The  narrow  peak,  the  localized / spectral 
weight,  has  a  width  F.  The  presence  of  f  waves  in  the  extended  region  is 
indicated  by  hatching. 


reduces  the  local  moment  by  turning  localized  /  waves  into 
itinerant  /  waves  [described  in  (iii)].  Both  effects  in  (i)  and 
(iii)  weaken  the  magnetic  ordering.  On  the  other  hand, 
through  increasing  the  two-ion  coupling,  hybridization 
strengthens  the  magnetic  ordering  [described  in  (ii)],  thus 
competes  with  effects  in  (i)  and  (iii). 

The  varying  magnetic  ordering  with  pressure  can  be  ex¬ 
plained  by  the  competing  effects  described  above.  The  initial 
increase  of  can  be  explained  as  the  initial  winning  effect 
of  the  mechanism  which  strengthens  magnetic  ordering;  the 
ultimate  decrease  of  can  be  explained  as  the  eventual 
changeover  of  winning  and  losing  effects.  Whether  it  wins 
initially  or  not,  ultimately  the  second,  moment-reduction, 
mechanism  discussed  above  wins. 

In  the  following,  we  quantify  this  theory  using  tech¬ 
niques  based  on  the  theoretical  framework  we  have 
developed.'*  This  involves  the  following  procedures.  (1)  Us¬ 
ing  full-potential  total-energy  calculations,  match  the  experi¬ 
mental  lattice  parameter  change  with  pressure  and  provide 
the  decrease  in  time  averaged  /-electron  number  in  real 
space.  This  part  of  the  calculation  is  of  concern  with  regard 
to  effects  in  (i)  as  mentioned  above.  (2)  Extract  information 
from  the  electronic  structure  calculation  on  the 
hybridization-induced  changes  and  insert  this  into  many- 
body  model  Hamiltonian  to  calculate  the  increase  in  two-ion 
coupling  with  pressure.  This  part  of  the  calculation  is  of 
concern  with  regard  to  the  effects  in  (ii).  (3)  Using  Ising 
model  to  simulate  the  effect  of  the  decrease  in  ordering  tem¬ 
perature  (in  term  of  coupling)  with  decreased  /  spectral 
weight.  This  part  of  the  calculation  is  of  concern  with  regard 
to  the  effects  in  (iii).  As  a  test  case,  this  calculation  is  done 
for  UTe. 

(1)  We  perform  a  sequence  of  band  structure  calcula¬ 
tions  with  a  series  of  different  lattice  constants.  We  use  a 
full-potential  linearized  muffin-tin  orbital  (LMTO)  band 
structure  (self-consistent  relativistic  LDA)  calculation.  The 
curve  of  the  total  energy  versus  unit  cell  volume  is  calcu¬ 
lated.  It  has  a  minimum  corresponding  to  the  ambient  pres¬ 
sure  lattice  constant,  which  is  smaller  than  experiment  by 
3%.  The  result  can  be  improved  by  including  the  orbital  and 
spin  polarization  into  the  calculation  (performed  by  S.  P. 
Lim),  and  the  error  of  lattice  constant  is  reduced  to  less  than 
2%.  The  derivative  of  the  total  energy  with  regard  to  the  unit 
cell  volume  is  pressure.  The  lattice  volume  change  with  pres¬ 
sure  and  the  /  electron  number  (in  the  real  space)  n f  change 
with  pressure  are  shown  in  Table  1  and  Fig.  2.  (The  experi¬ 
mental  results  in  Fig.  2  are  from  Gerward  et  al,  Ref.  5.)  rif 
changes  from  2.73  at  ambient  pressure  to  2.58  at  20  GPa,  a 
loss  of  0.15  electron  per  atom. 

Figure  3  shows  the  results  of  the  density  of  states  (DOS) 
at  three  lattice  constants.  The  DOS  spectra  have  two  peaks 
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Pressure  (GPa) 


FIG.  2.  Top;  normalized  lattice  volume  VIVq  vs  pressure.  Bottom:  5/  elec¬ 
tron  number  vs  pressure.  The  open  circles  are  points  calculated  from  the 
LMTO  band  structure  calculation.  The  crosses  are  experimental  volume  data 
from  Gerward  et  al  (Ref.  5). 


Pressure  (GPa) 


FIG.  4.  Top:  localized  (corresponding  to  area  of  density  of  states  peak)  / 
spectral  weight  Z  vs  pressure.  Middle:  i  vs  pressure.  Bottom:  J  vs  pressure. 
TTie  solid  line  is  calculated  for  Pniioft=20%p„„;  the  dashed  line  for 

Poiloff”25%pniix . 


originating  from  the  /  states  and  split  by  spin-orbit  coupling. 
The  peak  on  the  higher  energy  (y  =  7/2)  side  is  empty.  The 
other  (j-512)  peak  contains  electrons,  and  the  physics  of 
interest  occurs  there. 


FIG.  3.  Density  of  states  of  UTe,  calculated  with  three  lattice  constants: 
a  =  11.2  a.u.  (top);  a  =  10.8  a.u.  (middle);  a-10.4  a.u.  (bottom).  The 
states  below  the  Fermi  level  are  indicated  by  shading. 


(2)  Comparing  the  three  DOS  spectra  in  Fig.  3,  one  can 
see  that  the  0  =  5/2)  / peak  becomes  wider  when  the  lattice 
constant  is  smaller.  We  define  the  width  F  for  the  f  peak 

where  p  is  the  density  of  states,  is  the  energy  at  the  peak 
Pmm-  Pcuioff  has  to  be  chosen  in  the  calculation,  since,  as 
mentioned  above,  the  division  of  the  localized  /  waves  and 
itinerant /waves  is  not  clear  cut.  In  the  following  calculation, 
we  choose  Pcuioff  to  be  15%,  20%,  25%,  and  28%  of  the  peak 
value  and  results  from  different  Pemoff  will  be  com¬ 
pared. 

Since  a  bandwidth  can  be  attributed  to  the  interatomic 
interaction,  F  indicates  the  coupling  of  /  states  localized  on 
neighboring  atoms.  Suppose  such  coupling  only  occurs  for 
the  first  nearest  neighbor;  then  F  can  be  related  to  the  two- 
ion  coupling  J  in  the  following  way.  Consider  the  Hubbard 
model 

^f/~  I  "^b.C.  I  +  f/  2)  ri, ,  (2) 

I  in  j 

\  mm'  / 

where  t  is  the  interatomic  interaction,  U  the  on-site  Coulomb 
repulsion,  m  the  magnetic  quantum  number,  i  an  atomic  site, 
/+«  the  first  neighbors  of  site  i.  A  tight  binding  band  results 
from  using 

Ek=Eo-i^  exp(-ikR„).  (3) 
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For  a  fee  lattiee,  this  band  has  a  width  r=1.04r.  This  Is 
obtained  by  projeeting  £*  onto  the  energy  spaee  using  the 
tetrahedral  teehnique.®  Thus,  ealeulating  F  from  the  DOS 
speetra  using  Eq.  (1)  for  a  real  system  gives  t.  The  middle 
panel  of  Fig.  4  shows  the  so  ealeulated  t  vs  pressure,  t  in- 
ereases  with  pressure  as  expeeted. 

If  Ut>t,  Hu  ean  be  eonverted  into  the  following  model:’ 

c,>,+„,„.  +  h.e.  I S,-Si+„,  (4) 

in  I  in 

mm*  I 

where7=t’/t/.  In  going  from  Eq.  (3)  to  Eq.  (4),  the  approxi¬ 
mation  has  been  made  that  the  quantum  number  of  Sf  can 
only  be  m  =  ±  1 .  Clearly  J  is  the  two-ion  coupling.  U  can  be 
calculated  from  a  supercell  scheme."*  This  gives  f/=3.4  eV 
at  ambient  pressure,  and  U  changes  very  little  (less  than  0.3 
eV)  with  pressure  up  to  20  GPa.  We  take  t/=3.4  eV  for  all 
the  pressures.  With  t  obtained  as  above,  we  can  calculate 
J=t^/U.  J  vs  pressure  is  shown  in  the  bottom  panel  of  Fig. 
4.  J  also  increases  with  pressure  as  expected. 

(3)  The  J  interaction  supposedly  occurs  between  stable 
local  moments.  However,  as  mentioned  above,  in  effect  (iii), 
only  the  /waves  in  the  narrow  /peak  in  the  energy  space  are 
localized.  The  rest  of  the  /  waves  are  itinerant  and  do  not 
participate  in  the  local  magnetization.  Define  the  localized  / 
spectral  weight  Z: 

Z  =  l  p{E)dE,  (5) 

•'P>P«Jloff 

where  the  choice  of  is  taken  according  to  that  used  in 
the  definition  of  the  width  F  of  the  /  peak.  From  the  DOS 
spectra,  we  calculate  the  Z  change  using  Eq.  (5).  The  results 
of  Z  vs  pressure  are  shown  in  the  top  panel  of  Fig.  4. 

U  in  UTe  is  close  to  an  f  configuration.  Suppose  that 
the  two-ion  coupling  occurs  between  the  /^  atoms.  When  an 
/^  atom  loses  one  unit  of  /  spectral  weight  and  reduces  to  an 
/’  configuration,  one  unit  of  charge  is  moved  into  the  ex¬ 
tended  band  states  located  in  a  region  surrounding  this  atom, 
and  hence  can  screen  this  atom  from  magnetic  interaction 
with  its  neighbors.  Bearing  in  mind  that  the  two-ion  coupling 
in  UTe  is  band  mediated,  such  screening  can  be  quite  effec¬ 
tive.  Consequently,  the  magnetic  coupling  of  an  f  atom  with 
its  neighbors  is  much  weaker,  and  /’  atoms  can  be  approxi¬ 
mated  as  magnetically  “empty”  sites. 

Define  a  baseline  Zq  as  the  localized  /  spectral  weight 
corresponding  to  the  situation  that  the  system  is  in  the  /’ 
configuration.  Then  Z-Zq  gives  the  fraction  of  atoms  which 
are  in  the  f  configuration.  Actually  we  do  not  know  the 
local  configuration  for  UTe  at  any  pressure.  However,  since 
our  purpose  is  to  see  the  change  with  pressure,  we  artificially 
suppose  that  UTe  is  in  the  f  configuration  at  ambient  pres¬ 
sure.  This  requires  us  to  set  the  baseline  Zq  at  the  value  so 
that  Z-Zo=l  at  ambient  pressure.  With  this  setting  of  Zq, 
the  fractio  i  of  /^  atoms  changes  from  1  at  ambient  pressure 
to  0.8-0.85  at  20  GPa,  depending  on  the  choice  of  p^utott-  We 
see  that  due  to  the  localized  /  .spectral  loss,  the  fraction  of 
magnetically  empty  sites  increases  with  pressure. 


m  pGr  site 

FIG.  5.  Free  energy  F  vs  magnetization  m  at  temperatures  below  and  above 
Tc  calculated  from  a  computer  simulation  with  an  8X8X8  fee  Ising  lattice 
for  the  case  of  no  holes.  The  free  energy  (per  site)  is  in  units  of  coupling  J. 
The  solid  lines  are  raw  data  from  simulation;  the  dashed  lines  are  results  of 
the  least  square  fitting  to  smooth  out  the  noise.  The  curve  on  the  top  is  for 
7*=  9.0/,  each  of  the  curves  below  is  for  a  temperature  increment  of  0.2/ 
from  the  temperature  corresponding  to  the  curve  above  it.  With  increasing 
temperature,  the  double  minimum  disappears  and  m  becomes  zero  at 
r,,=  10.5/. 


The  influence  of  localized  /  spectral  loss  on  magnetic 
ordering  can  be  simulated  by  an  Ising  model  with  holes.  We 
use  an  Ising  model  in  order  to  capture  the  very  anisotropic 
nature  of  the  two-ion  hybridization-mediated  interaction"*  in  a 
simple  way;  in  future  work  we  plan  to  treat  this  anisotropy 
more  realistically  as  has  already  been  done  at  ambient 
pressure."*  In  this  model,  each  lattice  site  fluctuates  between 
being  occupied  by  a  moment  or  empty;  the  ratio  of  the  av¬ 
erage  number  of  empty  sites  (holes)  to  the  number  of  total 
sites  is  the  fraction  of  magnetically  empty  sites  in  UTe  as 
mentioned  above;  all  the  occupied  sites  are  coupled  to  their 
nearest  neighbors  by  an  Ising  interaction  J,  provided  that 
neighbor  is  also  occupied,  while  the  holes  do  not  couple  to 
any  sites. 


0.0  0.2  0.4  0.  b  0.8  1. 


hole  fraction 


FIG.  6.  /(.  (in  terms  of  two-ion  coupling/)  vs  hole  fraction.  Calculated  from 
a  computer  simulation  with  an  8X8X8  fee  Ising  lattice. 
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FIG.  7.  Tc  vs  pressure  for  UTe.  The  solid  line  is  calculated  for 
Paiioff=15%p„„ ;  the  long  dashed  line  for  Paiioft“20%p„„ ;  the  short  dashed 
line  for  Paiio«=25%p„„ ;  the  long-short-dashed  line  for  Pnnorf=28%p^,. 
The  crosses  are  experimental  data  from  Link  et  at.  (Ref.  2). 


Computer  simulation  calculates  the  curve  of  free  energy 
versus  total  moment  m  of  the  Ising  lattice  at  different  tem¬ 
peratures.  When  the  temperature  is  below  T^,  the  curves 
have  double  minima  where  m  ^ 0;  above  ,  the  curves  have 
a  single  minimum  at  ffi  =  0.  (see  Fig.  5.)  This  provides  the 
method  of  calculating  .  By  putting  different  numbers  of 
holes  in  the  Ising  lattice,  one  can  calculate  the  dependence  of 
Tc  on  th  ’  hole  fraction.  In  Fig.  6,  we  show  the  result  for  the 
depende.  .  of  on  the  hole  fraction  calculated  from  a 
simulation  using  an  8X8X8  fee  Ising  lattice. 

With  the  two-ion  coupling  J,  the  localized  /  spectral 
weight  Z  and  their  relation  to  the  ordering  temperature 
obtained  as  discussed  in  the  sequence  numbered  (l)-(3) 
above,  we  calculate  vs  pressure.  The  results  are  shown  in 
Fig.  7.  Comparing  with  experiment,  the  initial  increase  of 
is  well  predicted.  Above  7.5  GPa,  the  calculated  curves  flat¬ 
ten,  and  do  not  go  down  as  drastically  as  experiment.  We 
believe  that  these  results  reflect  the  competing  effects  of  hy¬ 
bridization  as  described  at  the  beginning  of  this  paper.  But 
there  are  still  some  effects  missing  in  the  calculation;  the 
transition  from  the  increasing  Tc  to  decreasing  region  is 
h'.ore  abrupt  in  experiment.  We  are  in  the  process  of  looking 
for  the  reasons  for  this  behavior. 

In  conclusion,  we  have  performed  '  MTO  band  structure 
calculation, ■»  for  UTe  at  various  pressures.  The  results  match 
the  lattice  volume  reduction  with  pressure.  They  also  give 
the  reduction  of  the  *eal  space  5/-electron  number  and  the 
widening  of  the  li  ;aiized  /  spectral  peak  in  energy  space 
with  pressure.  We  use  a  model  Hamiltonian  to  relate  to  the 
localized  /spectral  peak  in  energy  space,  and  then  extract  the 
effective  two-ion  interaction  J  from  the  width  F  of  the  local¬ 
ized  /  spectral  peak.  Bearing  in  mind  that  the  5/  configura¬ 
tion  fluctuates,  wt  rcl«ic  the  area  of  this  peak  to  the  fraction 
of  atoms  which  are  in  a  conflgu.dtion  magnetically  coupled 
to  their  neighbors.  We  use  an  Ising  model  with  holes  to  simu¬ 
late  how  the  change  of  this  fraction  determines  the  change  of 


Tc .  All  the  calculations  are  completely  first  principle  based. 
A  few  artificial  factors  are  involved,  such  as  Pcutoir  and  ^o- 
This  is  legitimate  since  we  are  primarily  interested  in  the 
change  with  pressure  rather  than  the  absolute  scales  of  the 
calculated  results. 

The  calculations  capture  the  competing  effects  probed  by 
pressure.  These  effects,  namely  the  /  spectral  loss  in  real 
space  and  energy  space  and  their  interplay  with  hybridiza¬ 
tion,  hold  the  key  to  understanding  the  correlated-electron 
systems.  By  probing  these  effects  by  pressure  and  calculating 
them  from  first  principle,  we  are  on  the  way  to  understanding 
these  effects  on  a  quantitative  basis. 

The  behavior  of  UPt3,^  a  heavy-fermion  antiferromagnet 
referred  to  in  Sec.  I,  represents  an  especially  interesting  chal¬ 
lenge  for  the  theory  discussed  here.  The  scales  of  ordered 
moment  and  of  pressures  used  are  very  different 
(~0.02/ia/U  atom  and  a  few  kbar)  from  those  of  UTe;  and 
this  is  also  true  for  the  nature  of  the  response,  little  change  in 
Tfj  and  a  strong  decrease  in  ordered  moment.  From  the  point 
of  view  of  the  theory  described  here,  the  behavior  of  UPt3 
would  represent  the  extreme  nonlinear  limit  of  the  magnetic 
ordering  response  under  the  combined  effects  of  hybridiza¬ 
tion  and  band-/  coulomb  exchange  prior  to  the  “wash-out” 
of  moment*  on  entering  the  heavy-fermion  regime.  It  would 
be  interesting  to  see  how  the  present  theory  fares  once  the 
anisotropy  is  treated  more  realistically  under  pressure  as  is 
already  done  at  ambient  pressure.'*  Our  educated  guess  is  that 
in  contrast  to  band  theory’  which  gives  no  magnetic  order¬ 
ing,  our  theory  will  give  an  overly  large  ordered  moment.  It 
would  then  be  especially  interesting  to  see  the  response  to 
applied  pres.sure.  This  would  provide  an  important  clue  as  to 
whether  the  non-Kondo  on-site  correlation  effects  included 
in  our  tlt^ory  contain  the  essential  ingredients  for  under¬ 
standing  heavy-fermion  magnetic  ordering  or  whether  other 
omitted  correlation  effects  are  essential. 
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We  perform  exact  diagonalization  studies  of  the  one-dimensional  lattice  Anderson  model  for  various 
clusters.  The  ground  state  energy  and  spin-spin  correlation  functions  are  calculated  as  functions  of 
Hubbard  U,  hybridization  V,  and  /  level  occupancies.  For  the  symmetric  case,  we  compare  our 
results  with  weak  and  strong  coupling  perturbation  theory. 


We  study  the  lattice  Anderson  model  on  finite,  one¬ 
dimensional  (ID),  lattices  in  this  paper.  The  model  is  defined 
by  the  Hamiltonian 

H=-t^  (c,Vc,  +  i<,+  /ic)+£/2 

icr  Iff  { 

{c]jia+hc)  ,  (1) 

iff 

where  and  f]a{fia)  are  creation  (annihilation)  op¬ 

erators  for  electrons  in  d  and  /  orbitals  on  site  /  with  spin  a, 
and  //„/,<,.  The  d  electrons  hop  with  amplitude  t,  thus 
forming  a  conduction  band  e*.  The  /  electrons  hybridize 
with  d  electrons  with  amplitude  V,  and  have  the  usual  Hub¬ 
bard  interaction  U  between  spin  up  and  down  /  electrons  on 
the  same  site.  The  site  energy  Ef  defines  the  relative  position 
of  /  states  with  respect  to  the  Fermi  energy  of  the  d  elec¬ 
trons.  An  important  special  case  is  the  so-called  symmetric 
Anderson  model  in  which  £/=  -  UI2. 

When  t/=0,  one  can  diagonalize  Eq.  (1)  easily.  TXvo 
bands  are  obtained  with  energies 

M-Ef)H4\^]  ,  (2) 

in  which  e^=-2t  cos{k)  is  the  d  electron  band  energy.  A 
characteristic  quantity  in  the  Anderson  lattice  model  is  the 
gap  A  that  separates  the  two  bands.  This  is  given  for  t/=0  by 
2A=£*=o"^*=7r='N/4^^+4V^-2r.  The  magnitude  of  the 
ratio  t//A  defines  weak  and  strong  coupling  regions. 

This  model  has  been  studied  for  many  years  in  connec¬ 
tion  with  valence  fluctuation  problems  and  an  extensive  lit¬ 
erature  exists.*"^  Several  approximation  techniques  have 
been  applied  to  deal  with  many-body  aspects  of  this  model 
including  renormalization  group  analysis,'*  the  Gutzwiller 
variational  approach,^'^  the  large-orbital-degeneracy  1/N 
expansion,*’^  and  perturbation  theory.***'*'  Numerical  calcula¬ 
tions  have  also  been  carried  out.**"*’ 

In  this  paper  we  use  an  exact  diagonalization  method  to 
study  the  ground  state  properties  of  model  of  Eq.  (1)  for 
lattices  with  A^=2, 4, 6,  and  8.  We  are  restricted  by  computei 
memories  so  that  we  are  unable  to  go  beyond  iV-8.  In  order 
to  obtain  reliable  answers  in  the  thermodynamic  limit,  finite 
size  extrapolation  is  needed  and  one  may  wonder  if  these 


lattices  are  large  enough.  As  we  will  show  in  the  following, 
fortunately,  we  are  able  to  achieve  accurate  extrapolation 
based  on  our  finite  lattice  results. 

One  can  show,  without  much  difficulty,  that,  for  a  ID 
tight  binding  band,  the  ground  state  energy  per  site  on  an  N 
site  lattice  with  total  electron  number  is 


N  N 


s 


l2n'7T\  tt/N 
tan(7r/A^) 


(3) 


while  for  the  infinite  system  with  density  NJN  it  is 


2t 

- sin  k(= 

IT  ’ 


li 

IT 


(4) 


where  kf={'tTl2){N JN)  is  the  Fermi  wave  number.  Thus, 
finite  lattice  results  for  N,.=dn  give  an  upper  bound. 

With  total  electron  number  4/j  -l-  2,  the  ground  state 
energy  per  site  is 


2  .(*) 

k 


2t  1 2mT  7r\  rr/.V 

TT  N  sin(7r/A)  ’ 

while  for  the  infinite  system  with  density  N^/N  it  is 
£oo  2t  _  /2mr  7r\ 

~n"~1t  ’'’nJ  ■ 


(5) 

(6) 


Thus  finite  lattice  results  for  Ng=4n  +  2  give  a  lower  bound. 

For  the  symmetric  Anderson  lattice  model,  the  oscilla¬ 
tion  between  lattice  size  N=4n  and  N-4n  +  2  is  still 
present,  as  we  found  numerically.  Therefore,  we  can  use  data 
obtained  from  N=4n  and  4n  +  2  to  set  up  upper  and  lower 
bounds  for  infinite  system  results.  This  approach  can  also  be 
applied  to  other  quantities  to  be  discussed  below.  Hence  we 
are  able  to  obtain  results  for  infinite  systems  with  reasonable 
accuracy.  We  also  tried  other  extrapolation  schemes  by  as¬ 
suming  asymptotic  forms  of  calculated  quantities. 

We  have  performed  exact  diagonalization  calculations 
for  the  symmetric  case  with  r=1.0,  K=0.5  (hence  A=0.12), 
and  U  varying  from  0  to  4,  i.e.,  from  weak  coupling  to  strong 
coupling,  in  the  1/2-filled  sector.  Our  results  for  the  ground 
state  energy  per  site  are  shown  in  Fig.  1.  The  estimated  errors 
in  extrapolations  are  within  the  size  of  the  symbol. 
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FIG.  1.  The  ground  state  energy  per  site  as  function  of  U  for  the  symmetric 
Anderson  lattice  model  with  t=l,  V=0.5.  The  dashed  tine  is  the  weak 
coupling  perturbation  resuit  from  Eq.  (7),  and  the  solid  line  is  the  strong 
coupling  perturbation  result  from  Eq.  (9).  The  squares  are  the  exact  diago- 
nalization  results  and  the  uncertainties  in  the  infinite  system  extrapolation 
are  within  the  size  of  the  symbol. 


FIG.  2.  Square  of  the  /  orbital  local  moment  as  function  of  U  for  the  same 
case  as  in  Fig.  1. 


2  2  2  2 


2-1  V 

2  ^  Et  +E*~E 

^  pkq  ^k  +  q^‘^p 


■'p  +  q 


(12) 


According  to  perturbation  t'  for  the  symmetric 

case  in  the  weak  coupling  limit  Wiiere  f//A  is  small,  the 
ground  state  energy  per  site  is 


while  for  strong  coupling  we  have 


s 


{UI2  +  e,f 


(13) 


2  V?  U 

M, 

with 

«^=Kl  +  e^/(ep+4V2)>/2],  (8) 

vl=Kl-epiel+4V^y^^].  (9) 

In  the  strong  coupling  limit  where  f//A  is  large,  the  ground 
state  energy  per  site  is 


E{U)=- 


U  2 
2^N 


1 


ejisk)- 


N  ^  U/2  +  et 


(10) 


with  f(eji)  being  the  zero  temperature  Fermi  factor. 

We  show  weak  coupling  results  as  the  dashed  line  and 
strong  coupling  results  as  the  solid  line  in  Fig.  1.  Note  that 
there  is  a  singularity  in  strong  coupling  limit  as  17 -*0 
[roughly  ln(t/)]  but  it  is  hard  to  see  from  Fig.  1. 

As  U  increases  from  0  to  <»,  electrons  tend  to  localize  in 
the  /  orbitals  and  form  local  moments.  We  measure  these 
moments  by  defined  by 

'"/2=((«/T“"/i)^)  ’  (11) 

which  varies  from  j  when  i/=0,  to  1  when  U=<=°.  For  weak 
coupling  we  have 


We  show  these  results  as  the  dashed  line  and  solid  line  in 
Fig.  2,  along  with  data  points  obtained  from  our  exact  diago- 
nalization  studies.  Again,  estimated  errors  in  extrapolations 
are  within  the  size  of  the  symbol. 

From  Fig.  2,  it  is  evident  that  weak  coupling  perturba¬ 
tion  is  invalid  for  (//A>8  and  strong  coupling  perturbation 
gives  bad  answers  for  t//A<20.  One  may  note  that  for  en¬ 
ergy  calculations,  both  perturbation  results  are  quite  good 
over  a  much  wider  range  of  t//A.  This  behavior  occurs  in 
many  highly  correlated  systems  and  our  results  show  that  a 
good  ground  state  energy  is  not  a  sufficient  criterion  for  the 
validity  of  an  approximation  scheme. 

As  U  increases  from  zero,  the  effective  hybridization  is 
expected  to  be  reduced  due  lo  correlations.  To  measure  this 
reduction  we  calculate  the  matrix  element  {c^„f,„+hc)  and 
plot  the  ratio  with  respect  to  its  U =0  value  in  Fig.  3.  The 
weak  and  strong  coupling  results  can  be  obtained  from 
\dEldV.  We  see  that  weak  coupling  perturbation  is  pretty 
good  for  t7/A<8  again,  but  strong  coupling  perturbation  is 
not  good  although  qualitatively  reasonable.  This  can  be  un¬ 
derstood  by  obser\'ing  that  in  weak  coupling  the  perturbation 
was  carried  out  to  second  order  in  U,  while  in  strong  cou¬ 
pling  the  perturbation  was  only  carried  out  to  first  order  in 
HU. 

Now  we  consider  the  nonsymmetric  case  in  which 
Ef¥^-UI2.  As  Ef  varies,  one  enters  different  physical  re¬ 
gions.  Basically,  there  are  five  regions.  (1)  Maximally  oc¬ 
cupied  /  states,  where  the  /  orbitals  are  doubly  occupied 
nc~0).  This  region  is  characterized  roughly  by 
Ef<-U-2t.  (2)  The  first  mixed  valence  region, 

-U~2t<Ef<-U-t.  The  /  occupation  in  this  region 
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FIG.  3.  The  ratio  of  the  hybridization  matrix  element  (c^afia+hc)  to  its 
I/=0  value  as  a  function  of  U  for  the  same  case  as  in  Fig.  1. 


changes  between  1  and  2.  (3)  The  Kondo  region,  in  which 
one  has  rif-l,  «e~l.  Its  range  is  roughly  -U~t<Ef<t. 
(4)  The  second  mixed  valence  region,  t<Ef<2t.  The  /  oc¬ 
cupation  in  this  region  changes  between  1  and  0.  (5)  The 
region  of  empty  /  levels  («/~0),  Ef>2t.  Figure  4  shows  / 
and  c  electron  occupations  and  clearly  demonstrates  these 
five  regions. 


E, 


FIG.  4.  The  electron  occupation  of  /  orbitals  (squares)  and  c  orbitals  (dia¬ 
monds)  as  a  function  olE/  for  £/=5.0,  r=1.0,  and  V=0.1. 


In  summary,  we  have  studied  some  ground  state  proper¬ 
ties  of  the  one-dimensional  Anderson  lattice  model  by  an 
exact  diagonalization  technique.  We  have  performed  finite 
size  analysis  and  estimated  results  for  infinite  systems.  C!om- 
parison  with  perturbation  theory  for  the  symmetric  Anderson 
lattice  model  showed  that  weak  coupling  calculations  are 
quite  accurate  for  UIA<8  and  strong  coupling  calculations 
are  reasonably  satisfactory  for  Ul A>20.  For  the  nonsym- 
metric  case,  we  found  that  five  distinct  regions  exist  depend¬ 
ing  on  the  site  energy  Ef.  The  different  types  of  physical 
behavior  illustrated  in  Fig.  4  have  been  found  in  small  sys¬ 
tem  calculations  for  other  geometries,*'*  and  are  presumably 
characteristic  of  the  strong  interaction-weak  hybridization 
sector  of  the  model  generally,  independent  of  the  restriction 
of  the  present  calculations  to  one  dimension.  Within  the 
Kondo  regime  where  and  rtf  are  close  to  1,  our  finding 
that  the  energy  and  other  physical  quantities  vary  smoothly 
between  weak  and  strong  coupling  limits  is  probably  also 
independent  of  dimensionality. 
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tional  Center  for  Supercomputing  Applications,  University  of 
Illinois  at  Urbana-Champaign,  and  at  National  Energy  Re¬ 
search  Supercomputer  Center,  Lawrence  Livermore  National 
Laboratory.  We  are  grateful  for  their  support.  The  portion  of 
the  work  performed  at  LSU  was  supported  by  the  National 
Science  Foundation  under  Grant  No.  DMR  91-20166. 
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Kondo  insulators  like  Ce3Bi4Pt3  and  CeNiSn  are  compounds  with  small-gap  semiconductor 
properties.  Nonmagnetic  impurities,  so-called  Kondo  holes,  break  the  translational  invariance  and 
hence  the  coherence  of  the  ground  state.  Impurity  states  can  be  introduced  by  (i)  substituting  the  rare 
earth  (actinide)  ion  or  (ii)  by  replacing  (or  adding,  removing)  one  of  the  ligand  atoms.  Isolated 
impurities  usually  give  rise  to  bound  states  in  the  gap.  Depending  on  the  nature  of  the  impurity 
(charge  neutral  or  a  dopand)  the  Fermi  level  is  pinned  by  the  impurity  level  or  lies  in  the  gap.  In  the 
former  case  the  Kondo  hole  has  magnetic  properties  (Curie  susceptibility  and  Schottky  anomaly  in 
the  specific  heat),  while  in  the  latter  situation  the  properties  are  nonmagnetic.  For  a  finite 
concentration  of  Kondo  holes  the  situations  (i)  and  (ii)  are  qualitatively  different.  In  (i)  it  gives  rise 
to  an  impurity  band  inside  the  gap  of  the  semiconductor.  The  height  and  width  of  the  impurity  band 
in  the /-electron  density  of  states  are  proportional  to  for  small  concentrations.  If  the  impurities 
are  charge  neutral  the  Fermi  level  lies  in  the  impurity  band  giving  rise  to  a  specific  heat  proportional 
to  T  and  a  Pauli-like  susceptibility.  If  the  impurities  dope  the  bands  the  properties  remain 
semiconducting  with  a  strongly  reduced  gap.  For  ligand  impurities  [case  (ii)]  tails  of  impurity  states 
develop  close  to  the  gap  edges,  suppressing  in  this  way  the  gap.  The  system  remains  a 
semiconductor  if  the  impurities  are  charge  neutral,  but  C^T  and  x  is  finite  if  they  are  dopands. 


I.  INTRODUCTION 

The  effects  of  coherence  in  heavy-fermion  systems  are 
most  pronounced  in  so-called  Kondo  insulators,  which  have 
small-gap  semiconductor  properties  due  to  the  hybridization 
gap  at  the  Fermi  level,  liie  Kondo  insulators  SmS,  SmBs, 
and  TmSe  were  already  an  exciting  topic  more  than  ten  years 
ago.*  The  more  recent  discovery  of  several  Ce,  Yb,  and  U 
based  Kondo  insulators  (e.g.,  CeNiSn,^  Ce3Bi4Pt3,^  YbBi2,‘* 
and  UNiSn)^  has  renewed  the  interest  in  this  subject.  All 
systems  seem  to  be  nonmagnetic  at  low  T,  except  TmSe  and 
UNiSn  for  which  antiferromagnetic  long-range  order  (for 
UNiSn  accompanied  by  an  insulator-metal  transition)  has 
been  reported.  In  view  of  the  small  energy  gaps  involved  the 
properties  of  these  compounds  strongly  depend  on  strains  in 
the  crystal  and  impurities.  Adding  impurities,  in  particular 
small  amounts  of  nonmagnetic  impurities  (Kondo  holes), 
breaks  the  translational  invariance  of  the  lattice  and  gradu¬ 
ally  destroys  the  coherence  of  the  heavy-fermion  ground- 
state.  Kondo  holes  are  experimentally^  realized  by  substitut¬ 
ing,  e.g.,  Ce  or  U  ions  in  a  stoichiometric  lattice  by  La  or  Th 
impurities,  or  by  replacing,  adding,  or  removing  a  ligand 
atom.  Depending  on  the  characteristics  of  the  impurity  (e.g., 
charge  neutral  or  dopand)  the  properties  of  the  Kondo  hole 
can  be  magnetic  or  nonmagnetic.  In  this  paper  we  discuss 
several  possible  situations  that  may  arise,  extending  in  this 
way  our  previous  results.’’* 

In  earlier  publications^’*"  we  reported  a  microscopic 
theory  of  the  Kondo  hole,  for  both  the  metallic  and  insulating 
situations.  The  Kondo  hole  is  a  missing  /  electron  at  a  given 
site,  which  is  introduced  by  a  very  large  local  /level  energy, 
preventing  the  occupation  of  the  /  level.  Correlations  within 
the  /band  are  introduced  via  a  self-energy,  evaluated  to  sec¬ 
ond  order  in  U.  We  studied  the  scattering  off  the  Kondo  hole 
in  the  local  density  of  /states  (DOS)  in  the  neighborhood  of 
the  nonmagnetic  impurity.  The  /  DOS  at  the  Kondo  hole  is 
zero.  In  a  Kondo  insulator  a  bound  state  develops  in  the 


energy  gap,  whose  spectral  weight  decreases  rapidly  with 
increasing  distance  from  the  impurity.  These  states  only  ap¬ 
pear  in  the  coherent  phase.  In  this  paper  we  generalize  these 
results  by  including  a  potential  scattering  of  the  conduction 
electrons.  If  the  Fermi  level  is  pinned  by  the  bound  state  the 
properties  of  the  Kondo  hole  are  magnetic;  on  the  other 
hand,  if  the  Fermi  level  lies  in  the  gap  (doping)  the  impurity 
is  nonmagnetic.  We  furthermore  consider  here  a  defect  caus¬ 
ing  a  local  change  in  the  hybridization  (e.g.,  missing  or  sub¬ 
stituted  ligand  atom). 

When  the  concentration  of  Kondo  holes  (locally  missing 
/  electrons)  is  increased  an  impurity  band  forms,  gradually 
smearing  the  hybridization  gap  of  the  Kondo  insulator.  For  a 
low  density  of  impurities,  c,  the  width  and  the  height  of  this 
band  depend  nonanalytically  on  c.’  If  the  impurities  are 
charge  neutral  (e.g..  La  replacing  Ce)  the  Fermi  level  is 
pinned  within  this  band  and  there  is  a  small  low  T  regime 
with  the  specific  heat  proportional  to  T  with  a  strongly  en¬ 
hanced  y  and  a  Curie-Weiss-like  susceptibility.  If  the  impu¬ 
rities  dope  the  system  with  electrons  or  holes  (e.g.,  Th  re¬ 
placing  Ce)  the  Fermi  level  lies  in  the  reduced  gap  and 
excitations  have  to  overcome  the  gap  (nonmagnetic  semicon¬ 
ductor).  Finally,  if  the  impurity  is  a  ligand  defect  (local  per¬ 
turbation  of  the  hybridization)  the  band  edges  of  the  hybrid¬ 
ization  gap  are  strongly  reduced.  If  the  impurities  are  charge 
neutral  the  Fermi  level  lies  in  the  gap,  while  doping  converts 
it  into  a  metal. 

The  remainder  of  this  paper  is  organized  as  follows.  In 
Sec.  II  we  introduce  the  equations  leading  to  the  Kondo  hole 
bound  state  and  the  impurity  band  in  the  case  of  a  finite 
concentration.  Properties  of  isolated  Kondo  holes  are  dis¬ 
cussed  in  Sec.  Ill,  while  in  Sec.  IV  v/e  present  our  results  for 
finite  c.  Concluding  remarks  follow  in  Sec.  V. 

II.  THE  MODEL  AND  THE  1  DENSITY  OF  STATES 

We  consider  the  Anderson  lattice  without  orbital  degen¬ 
eracy 
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(2.6) 


Ho=X  ekcLck<r+t/2  fljia+U^ 

Iw  i(T  I 


+  v2  (cL/ka+ZUka),  (2.1) 

ka- 


where  V  is  the  on-site  hybridization,  Cf  is  the /level  energy, 
U  is  the  Coulomb  repulsion  in  the /shell,  ni„  =  cj^ 

(/L)  creates  a  conduction  electron  (/electron)  with  momen¬ 
tum  k  and  spin  a,  and  is  the  Wannier  state  at  the  site  R; . 
An  isolated  Kondo  hole  at  the  site  R  can  be  introduced  by 
the  following  Hamiltonian: 


S  exp[-i(k-k')R][Ae//J;^/k,^ 

”  kkV 

+  l^cJt^Ck-<r+ A  V(/J^Ck-<,+cJj^/k.<r)],  (2.2) 

where  N  is  the  number  of  sites,  and  A  ,  IV,  and  A  V  are  the 
scattering  potentials  experienced  by  the  electrons.  In  earlier 
publications’’®  we  only  considered  the  scattering  of  the  / 
electrons  in  the  limit  A€f-*°o  and  1V=  AV=0.  Acy^-»<»  cor¬ 
responds  to  a  missing /electron  at  the  site  R.  In  this  paper  we 
first  solve  the  general  scattering  problem  and  discuss  then 
special  limits. 

Since  the  impurity  potential  is  factorizable,  the  U=0 
scattering  problem  can  be  solved  exactly.®  It  is  convenient  to 
introduce  the  matrix  Green’s  function 


^k,k'(2)“ 


((/k;/li-)>z  ((/k:cl,)).\ 
((Ck;/I'»z  ((ck:cl.))j’ 


(2.3) 


where  we  dropped  the  spin  index,  since  for  U=0  up  and 
down  spins  decouple.  Using  the  equation  of  motion  for  G  we 
obtain  after  some  algebra 


Gk,k'(z)  =  G2(2)<5K.k'  +  G2(2)rK.k'(z)G“,(z)  (2.4a) 


with  the  t  matrix  given  by 


7'k,k'(2)  =  (lWe''“*w|/-(l/yV)2  G^.(z)A/| 

(2.4b) 


-1 


where  /  is  the  identity,  and 
1 AV  IV 


(2.4c) 


Here  g2(z)  is  the  Green’s  function  without  impurity.  The 
bound  states  in  the  gap  of  the  Kondo  insulator  are  given  by 
the  poles  of  the  t  matrix.  The  components  of  the  quantity 
G®(2)  =  (l/^)2kG2(z)  are  related  to  the  DOS  of  the  con¬ 
duction  electrons.  Assuming  an  elliptic  DOS  of  half-width 
D  [g(z)  =  l/(z-e;)]. 


P-5) 


G^/z)=g(z)  +  V’g(z)’F[2-y2g(z)], 

G®/z)  =  G®,(z)  =  Vg(z)F[z-  V’g(z)], 

G®,(z)=F[z-V’g(z)]., 

The  imaginary  part  of  these  quantities  vanishes  inside  the 
gap,  and  depending  on  the  scattering  parameters  the  real  part 
of  the  t  matrix  may  diverge,  giving  rise  to  a  bound  state. 
Equations  (2.4)-(2.6)  then  completely  determine  the  /  elec¬ 
tron  Green’s  function  for  one  Kondo  hole  in  the  absence  of 
Coulomb  repulsion. 

The  main  effect  of  the  Coulomb  repulsion  is  to  introduce 
an  /  electron  self-energy.  For  heavy  electrons  the  momentum 
dependence  of  the  self-energy  is  much  less  important  than  its 
energy  dependence.  We  limit  ourselves  to  a  self-energy  to 
second  order  in  U  about  the  Hartree-Fock  solution.'^  Sch¬ 
weitzer  and  Czycholl*’  developed  a  systematic  approach 
based  on  a  Hd  expansion  (d  is  the  dimension)*^  to  overcome 
the  tedious  k  integrations  for  the  periodic  Anderson  lattice. 
The  calculation  is  greatly  simplified  in  leading  order 
(d~*^),  which  conesponds  to  the  local  approximation  (mo¬ 
mentum  independent)  and  already  contains  the  most  relevant 
correlations.  The  k  dependence,  introduced  by  the  1/d 
corrections,’’  is  weak  for  d = 3 . 

The  self-energy  to  order  U’  and  within  the  local  ap¬ 
proximation  (d— »“)  has  the  correct  analytic  properties  and 
qualitatively  the  expected  physical  features.  The  correlations 
are  momentum  independent  and  incorporated  into  the  U=0 
solution  for  the  Kondo  hole  by  renormalizing  the  bare  /level 
energy  according  to  e/->e^+(l/2)G«y+2[;(z),  where  is 
the  /  level  occupation.  The  self-energy  is  not  calculated 
self-consistently’'*  with  dressed  Green’s  functions,  i.e., 
propagators  with  a  self-energy,  since  a  renormalized  vertex 
would  also  be  needed  to  avoid  violations  of  Ward  identities. 
Similarly,  we  do  not  self-consistently  incorporate  the  effects 
of  the  Kondo  hole  into  S(/(z).  The  impurity  breaks  the  trans¬ 
lational  invariance;  this  affects  the /electron  propagator  giv¬ 
ing  rise  to  an  additional  k  dependence  in  the  .self-energy, 
which  is  neglected  here. 

To  second  order  in  U  and  within  the  local  approximation 
we  have’’’^ 

Xy(z)  =  G’(-/)J  dKe'^^[A(\)-B{-K)+B{km-\)l 

(2.7a) 

A{\)=j^  d(o  B(\)=|  c“‘'^“p(w), 

(2.7b) 

where  /i  is  the  chemical  potential,  and 
p{a))=-(l/7r)lmG®y{z)  with  z=(o+iO  and  ey  containing 
the  Hartree  -Fock  shift  due  to  the  Coulomb  interaction. 

For  the  (electron-hole)  symmetric  case,  i.e.,  €f=0  and 
exactly  two  electrons  per  site,  the  system  is  an  insulator  and 
the  chemical  potential  lies  in  the  gap,  /u-=0.  The  imaginary 
part  of  the  self-energy  has  a  gap  of  about  three  times  the  gap 
of  the  bare  DOS  (convolution  of  three  propagators).  The  real 
and  imaginary  parts  of  X[/(z)  for  this  case  as  a  function  of  <a 
are  shown  in  Fig.  (1).  For  the  purpose  of  studying  Kondo 
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FIG.  1.  Real  (dotted)  and  imaginary  (full  line)  parts  of  the  Coulomb  self¬ 
energy  to  second  order  in  f/  as  a  function  of  (a  for  V=l,  jt>=10,  «|=0 
(Hartree-Fcck  shifted),  {/=  1  and  two  electrons  per  site  As  expected  for  an 
insulator  the  imaginary  part  vanishes  in  the  interval  -3V^ID<oj<3VVD 
and  the  slope  of  the  real  part  is  negative. 


hole  bound  states  in  the  gap  of  a  Kondo  insulator,  the  self- 
energy  is  then  real  over  the  range  of  interest  of  w.  Note  that 
the  real  part  of  X(/(z)  has  a  negative  slope,  leading  to  the 
well-known  Kondo  mass  enhancement  also  relevant  for  im¬ 
purity  bands  (see  below),  and  to  a  narrowing  of  the  gap 
(reduction  of  the  hybridization,  Kondo  temperature).  A  dis¬ 
cussion  of  the  insulating  asymmetric  and  the  metallic  situa¬ 
tions  can  be  found  in  Refs.  8  and  9. 

To  generalize  the  above  to  a  finite  concentration  of  im¬ 
purities,  c,  we  rewrite  the  perturbed  Green’s  function  as  a 
Dyson  equation  ^  with  an  impurity  self-energy 
't  imp(2,€f,V)  =  cNT^,J^{z).  This  matrix  self-energy  renormal¬ 
izes  the  frequency,  the  /level  energy  and  the  hybridization;  a 
self-consistent  treatment  of  this  self-energy  leads  to 

z=z-'lcc{z,if,V),  (2.8a) 

ef=  ey+ X  ff(z,  if ,  V)  -  X„(i.  if,V)  +  X(jiz),  (2.8b) 

V=\V+'Xf,{z,if,V)\,  (2.8c) 

where  the  bare  ey  contains  the  Hartree-Fock  shift  UnfH, 
and  we  take  the  absolute  value  of  the  hybridization  to  keep  it 
real  (this  corresponds  to  a  gauge  transformation,  which  has 
no  effect  on  the/DOS).  Equations  (2.8)  are  equivalent  to  the 
sum  of  all  diagrams  with  noncrossing  impurity  lines.  They 
lead  to  a  complex  /  level  energy  and  finite  imaginary  part  of 
i,  which  broaden  the  S  function  of  the  Kondo  hole  bound 
state  giving  rise  to  an  impurity  band  of  finite  width.  Note  that 
X(/  is  not  renormalized;  its  effect  on  the  Kondo  hole  band  is 
more  quantitative  than  qualitative. 

III.  RESULTS  FOR  ISOLATED  KONDO  HOLES 

We  have  to  distinguish  the  situations  of  a  missing /elec¬ 
tron  (e.g.,  a  La  ion  replacing  a  Ce  atom)  and  a  ligand  defect. 
We  first  treat  the  missing /electron  case,  which  corresponds 
to  the  limit  Ae^— Carrying  out  the  matrix  products  in  Eq. 
(2.4)  we  obtain 


FIG.  2.  Position  of  the  bound  state(s)  in  the  hybridization  gap  for  the  sym¬ 
metric  Kondo  insulator  with  e^=0, 1^=  1,  £.^=1,  Z)=10  and  two  electrons 
per  site  as  a  function  of  the  scattering  potential.  The  curve  W  refers  to 
A£^=<»,  so  that  the  only  relevant  scattering  parameter  is  W.  The  energy  of 
the  boundstate  is  an  odd  function  of  W.  The  curves  denoted  with  AV  cor¬ 
respond  to  the  ligand  defect  with  A£/=  W=0.  There  are  two  resonances  for 
negative  values  of  AV.  AVftu)  is  an  even  function.  Note  that  boundstates  do 
not  exist  for  all  values  scattering  potentials. 


tin,p(2,  f/V)  =  -  c{G%{z)  -  W[Gjf{z)G'^Jz) 


-Glf(z)G%{z)]}-^ 


X 


'\-WGliz) 


WG%{z)  \ 
-WGj,{z)j- 


(3.1) 


This  self-energy  does  not  depend  on  A  V,  since  the  large  Ae^ 
potential  inhibits  the  occupation  of  the /level.  For  W=0  we 
recover  the  results  of  Refs.  7  and  8.  If  W  does  not  exceed  a 
critical  value,  a  5-function-like  bound  state  develops  in  the 
gap  of  the  insulator.  For  the  symmetric  Kondo  insulator 
{ef=  0  and  two  electrons  per  site)  and  f/=  1  Fig.  2  shows  the 
position  of  the  pole  as  a  function  of  W,  which  moves  from 
one  band  edge  to  the  other.  For  larger  values  of  W  no  bound 
state  is  formed.  On  a  lattice  the  spectral  weight  of  this  bound 
state  in  the  local  /  DOS  falls  off  rapidly  with  the  distance 
from  the  impurity,®’'®  so  that  the  bound  state  is  almost  com¬ 
pletely  localized  on  the  nearest  neighbor  sites  to  the  Kondo 
hole.  Since  there  are  no  /  electrons  at  the  site  of  the  Kondo 
hole,  its  local  /DOS  is  zero.  Both  the  size  of  the  gap  and  the 
spectral  weight  of  the  bound  state  decrease  with  U  via  the 
self-energy  as  a  consequence  of  the  reduction  of  charge  fluc¬ 
tuations.  This  bound  state  also  appears  in  the  d  electron 
DOS. 

The  properties  of  the  Kondo  hole  bound  state  depend  on 
the  nature  of  the  impurity;  for  instance,  if  a  trivalent  Ce  ion 
is  replaced  by  La  there  is  no  change  in  valence  and  the  Fermi 
level  is  pinned  at  the  impurity  boundstate.  On  the  other  hand, 
if  Ce  is  substituted  by  Th,  which  is  tetravalent,  there  is  an 
additional  conduction  electron  and  the  bound  state  will  be 
filled.  ITie  Fermi  level  in  this  case  lies  in  the  gap  between  the 
bound  state  and  the  empty  band  edge  and  the  properties  re¬ 
main  those  of  a  nonmagnetic  insulator.  In  the  former  case, 
however,  when  the  Fermi  level  is  pinned  by  the  impurity,  the 
Kondo  hole  is  magnetic:  Despite  the  fact  it  originated  from  a 
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'  missing /electron  its  zero-field  susceptibility  follows  a  Curie 
law.  A  small  magnetic  field  polarizes  the  localized  state  at 
,  7’=0  and  induces  a  Schottky  anomaly  in  the  specific  heat  in 
analogy  to  a  spin  1/2.  This  effective  spin  could  in  principle 
be  experimentally  detected  by  electron  paramagnetic  reso¬ 
nance.  In  practice,  however,  the  inhomogeneous  broadening 
of  this  line  will  make  its  observation  difficult.  Due  to  slightly 
different  surroundings  the  resonance  energies  of  the  defects 
have  a  distribution,  whose  width  has  to  be  of  the  order  of  0.1 
K  or  smaller  to  be  observable.  Kondo  holes  affect  the  low 
frequency  infrared  absorption  in  Kondo  insulators.  Large 
magnetic  fields  would  still  polarize  Kondo  holes  with  a  dis¬ 
tribution  of  bound  state  energies,  but  would  also  modify  the 
bulk  properties  of  the  Kondo  insulator,  e.g.,  reduce  its  gap.*® 

In  a  metallic  environment,  on  the  other  hand,  low  energy 
electron-hole  excitations  are  allowed  and  the  imaginary  part 
of  the  self-energy  ^{/(z)  is  nonzero  everywhere  except  at  the 
Fermi  level.  The  hybridization  gap  is  smeared  to  a 
pseudogap,  i.e.,  the  /  DOS  is  nonzero  everywhere  over  the 
entire  range  of  interest.  The  Kondo  hole  now  forms  a 
pseudc-bound-state  of  finite  width,*®  which  is  small  if  we 
have  very  heavy  fermions.  The  energy  of  the  bound  state  lies 
in  the 'pseudogap,  i.e.,  not  at  the  Fermi  level,  but  its  spectral 
weight'is  still  located  in  the  neighboring  cells  to  the  impurity. 
The  magnetic  and  thermal  properties  of  this  pseudo-bound- 
state  are  those  of  a  resonant  level  off-resonance  with  the 
Fermi  level,  i.e.,  a  Curie-Weiss  law  and  a  Schottky-like  spe¬ 
cific  heat  with  the  Weiss  temperature  and  the  position  of  the 
maximum  of  C  given  by  the  energy  of  the  resonance. 

We  now  treat  the  ligand  defect.  In  principle,  all  three 
scattering  amplitudes  in  Eq.  (2.2)  could  be  nonzero,  but  the 
most  relevant  one  now  is  AF.  For  simplicity  we  then  con¬ 
sider  W=Ae^=0.  Carrying  out  the  matrix  products  in  Eq. 
(2.4)  we  obtain 

^imp(^>  f/>  F) 

=  c{[l-^VG%{z)][l-^VG^,f{z)] 
-(AV)2g®/z)GV.z)}-‘ 

/  (AF)2g®,(z)  ^V-{AV)^G%(z)\ 

'^\^V-{^V)^G°f{z)  m)^G^f,{z)  /• 

The  zeroes  in  the  denominator  of  Eq.  (3.2)  determine  the 
positions  of  the  5-function-like  bound  state.  Tliere  are  in 
principle  two  poles  (quadratic  equation  in  AV)  both  corre¬ 
sponding  to  negative  values  of  A  V.  In  general,  it  requires  a 
threshold  value  of  AV  for  a  bound  state  to  develop  and  AV 
should  not  exceed  a  critical  value.  The  positions  of  the  poles 
for  the  symmetric  Kondo  insulator  (e^=  0  and  two  electrons 
per  site)  are  displayed  in  Fig.  2. 

The  properties  of  the  ligand  defect  again  depend  on  the 
characteristics  of  the  impurity.  If  the  defect  is  a  donor  or 
acceptor  the  Fermi  level  will  be  pinned  at  one  of  the  bound 
states  and  the  impurity  is  magnetic  as  discussed  above.  If  the 
defect  is  charge  neutral,  on  the  other  hand,  it  does  not  pin  the 
Fermi  level  and  its  properties  are  nonmagnetic. 


FIG.  3.  /DOS  for  V=l,  U=l,  D=10,  e/=0  (Hartree-Fock  corrected), 
c=0.03,  Ae|=<»,  AV=0,  and  W=l.  The  structure  inside  the  hybridiza¬ 
tion  gap  is  the  impurity  band,  which  is  separated  by  two  gaps  from  the 
continuum  of  the  Kondo  insulator.  The  asymmetry  arises  from 


IV.  IMPURITY  BANDS 

Finite  concentrations  of  Kondo  holes  can  give  rise  to 
impurity  bands  in  the  gap  of  the  Kondo  insulator.  To  gain 
insight  we  first  analyze  the  symmetric  situation  (ef=fi=0) 
with  1/=  W=  AF=0  in  the  limit  Since  W=0  only 

Cf  is  renormalized  but  not  V  and  z  when  limp(2)  is  treated 
self-consistently.  Due  to  the  impurity  self-energy  the  dressed 
/  level  energy  acquires  an  imaginary  part  for  small  frequen¬ 
cies.  In  particular,  for  w=0  Cy  is  purely  imaginary  and 
for  small  c  we  obtain  ey=  -2/c’^^F^/D.  Hence,  the  height 
of  the  band  is  not  analytic  in  c.  A  similar  analysis  with  co¥=0 
yields  an  impurity  bandwidth  of  the  order  of  iy ,  so  that  the 
impurity  band  is  approximately  semielliptic  with  both  height 
and  width  proportional  to  c  for  small  c.  Due  to  the  nonana- 
lytic  dependence  on  c*^  the  self-consistency  condition  Eq. 
(2.8b)  and  the  limit  c-»0  cannot  be  interchanged.  For  W¥=0 
the  impurity  band  becomes  asymmetric,  but  the  properties 
are  otherwise  similar. 

To  obtain  more  quantitative  results  we  have  to  incorpo¬ 
rate  the  Coulomb  self-energy  Sy(z).  As  an  example  we 
show  in  Fig.  3  the /DOS  for  the  symmetric  host  with  U=l, 
W=l,  Aey=t»,  and  c  =  0.03.  The  asymmetry  is  due  to  the 
nonzero  value  of  W.  The  /DOS  does  not  show  the  van  Hove 
saddle  point  singularities  discussed  in  Refs.  9  and  10,  since 
we  consider  a  simple  elliptic  DOS  for  the  conduction  elec¬ 
trons.  As  discussed  above  the  main  effect  of  U  is  to  narrow 
the  gap  of  the  Kondo  insulator  and  to  increase  the  height  of 
(and  to  nanow)  the  peaks  in  the  /DOS.  The  impurity  band  is 
separated  from  the  continuum  of  the  Kondo  lattice  by  two 
gaps.  The  position  of  the  band  edges  limiting  the  gap  for 
M'=0  (only  one  is  shown,  the  other  one  is  symmetric)  and 
three  values  of  G  are  displayed  in  Fig.  4(a).  The  gap  is  given 
by  the  region  between  the  shown  boundaries.  The  gap  nar¬ 
rows  with  increasing  U  and  increasing  concentration  of  im¬ 
purities,  but  within  the  range  of  validity  of  our  approxima¬ 
tions  (noncrossing  impurity  lines  in  the  self-energy)  the  gap 
never  closes.  For  small  c  the  c*^  dependence  of  the  impurity 
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FIG.  4.  Band  edges  of  the  hybridization  gap  and  the  impurity  band  for 
^=1,  D  =  10,  e/=0  (Hartree-Fock  corrected),  and  Ae/=“  as  a  function 
of  c.  (a)  W=0  and  three  values  of  U\  the  dashed  line  refers  to  t/=0,  the 
solid  curve  to  i/=  1  and  the  dash-dotted  one  to  (/= 2.  (b)  t/= 1  and  1^=0 
(solid  curve)  and  H'=  1  (dashed  line).  Note  that  the  gap  narrows  with  U  and 
the  edges  are  symmetric  only  if  tV=0.  The  impurity  band  is  always  sepa¬ 
rated  by  a  gap  from  the  continuum  of  the  insulator.  Note  the  c'^  dependence 
for  very  low  c. 


band  is  observed.  The  band  edge  of  the  continuum  of  the 
Kondo  insulator  only  increases  slightly  with  c. 

In  Fig.  4(b)  we  show  the  four  band  edges  for  the  sym¬ 
metric  Kondo  insulator  with  f/=  1  for  the  cases  IF=0  and 
IV=  1.  The  IT=0  case  is  the  same  as  the  solid  curve  in  Fig. 
4(a).  The  band  edge  of  the  Kondo  lattice  depends  only  very 
weakly  on  W.  The  impurity  band  for  IT=  1  is  strongly  asym¬ 
metric  and  still  has  the  c'^  dependence  for  small  c.  Conse¬ 
quently  one  gap  is  smaller  than  the  other,  but  neither  gap  is 
closed  within  the  range  of  validity  of  the  theory. 

The  properties  of  the  impure  Kondo  insulator  once  more 
depend  on  the  characteristics  of  the  impurities.  We  distin¬ 
guish  among  dopands  (e.g.,  Th  replacing  Ce)  and  charge 
neutral  impurities  (e.g.,  La  substituting  Ce).  In  the  former 
case  the  Fermi  level  lies  in  one  of  the  gaps  discussed  above 
and  the  system  behaves  like  a  nonmagnetic  insulator.  In  the 
latter  case  the  Fermi  level  lies  in  the  impurity  band.  The 
chemical  potential  /i  is  determined  self-consistently  via 
/t=Re  [e/(/t)]  and  is  displayed  in  Fig.  5(a)  as  a  function  of 
€f  for  W=0  and  c=0.04  (Ae^-»oo).  Note  that  /4(e/)  is  a 
linear  function  of  Cy  with  a  slope  that  is  only  slightly  smaller 
than  one.  The  coiTesponding  /  electron  DOS  at  the  Fermi 
level  is  shown  in  Fig.  5(b).  There  is  only  a  small  increase  of 
Pfi/i)  with  the  asymmetry.  On  the  other  hand, 
strongly  depends  on  the  concentration  of  Kondo  holes;  it 
grows  monotonically  with  c,  being  proportional  to  for 
small  c.  The  finite  /  DOS  at  the  Fermi  level  gives  rise  to  a 
specific  heat  contribution  proportional  to  T.  The  range  of  this 


£f 


FIG.  5.  (a)  Chemical  potential,  /z,  and  (b) /DOS  at  the  Fermi  level,  pf,  as 
a  function  of  the  (Hartree-Fock  corrected)  /level  energy  for  V=l,  t/=l, 
0=10,  ^=0,  Ae;=a>,  and  c=0.04  (see  Ref.  7). 

linear  T  dependence  is  of  the  order  of  the  width  of  the  im¬ 
purity  band.  The  y  coefficient’'®  is  proportional  to  and 
tracks  the  same  weak  dependence.  The  effective  mass 
associated  with  y  for  the  parameters  of  Fig.  5  is  about  15-20 
times  the  mass  of  the  conduction  electrons.  The  susceptibil¬ 
ity  also  follows  the  same  trends. 

For  sufficiently  small  c  all  states  in  the  impurity  band  are 
localized  (charge  neutral  impurities),  but  an  insulator-metal 
transition  is  expected  as  a  function  of  c.  When  c  is  increased 
the  bound  states  (located  at  (he  nearest  neighbor  sites  to  the 
impurity)  start  to  overlap  and  electrons  may  percolate  giving 
rise  to  conductivity  and  affecting  the  infrared  optical  proper¬ 
ties.  Magnetic  order  of  the  spin-glass-type  is  also  possible. 

Finally,  we  briefly  address  the  situation  AVi^O  and 
Ae^=  W=0  by  showing  in  Fig.  6  the /DOS  for  AV'=  -0.4 
and  c  =  0.05  as  compared  to  the  pure  symmetric  Kondo  in¬ 
sulator  (dotted  curve).  The  height  of  the  main  peaks  de¬ 
creases  and  impurity  tails  protude  into  the  gap.  If  the  ligand 
defects  are  charge  neutral  the  Fermi  level  remains  within  the 
gap  and  the  system  is  a  nonmagnetic  insulator  with  a  reduced 
gap.  If  the  ligand  impurity  dopes  the  crystal  the  Fermi  level 
lies  in  the  continuum;  hence  Ca  T  at  very  low  7  and  depend¬ 
ing  on  the  position  of  the  mobility  edge  the  system  will  be  a 
metal  or  an  insulator. 

V.  CONCLUDING  REMARKS 

We  presented  a  summary  of  our  results  for  various  types 
of  impurity  states  in  a  Kondo  insulator.  The  formation  of  a 
Kondo  insulator  is  perhaps  the  most  dramatic  implication  of 
“coherent  scattering.”  Kondo  holes  destroy  the  translational 
invariance  and  hence  the  coherence.  We  considered  isolated 
Kondo  holes,  typically  leading  to  a  bound  state  in  the  hybrid¬ 
ization  gap,  and  finite  concentrations  of  impurities,  giving 
rise  to  impurity  bands. 
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FIG.  6.  /DOS  for  V=l,  U=l,  D=10,  <^=0  (Hartree-Fock  corrected), 
c=0.05,  and  A«^=W'=0.  The  solid  curve  conesponds  to  AV=-0.4, 
while  the  dashed  one  is  the  pure  Kondo  insulator.  Note  that  two  tails  appear 
at  the  band  edges,  but  no  impurity  band  develops  in  the  gap. 


So-called  Kondo  holes  can  be  described  by  three  scatter¬ 
ing  parameters,  which  correspond  to  a  local  change  in  the  / 
level  energy,  a  potential  scattering  of  the  conduction  elec¬ 
trons  and  a  local  reduction  of  the  hybridization  matrix  ele¬ 
ment.  Depending  on  the  characteristics  of  the  impurity  very 
different  properties  may  arise.  In  most  of  the  cases  a  bound 
state  is  formed  in  the  hybridization  gap  of  the  Kondo  insu¬ 
lator,  but  as  shown  in  Sec.  Ill  not  all  scattering  parameters 
will  lead  to  a  pole  in  the  denominator  of  the  t  matrix,  i.e.,  to 
a  bound  state.  The  two  most  important  examples  of  impuri¬ 
ties  discussed  are  (i)  the  missing  /  electron  (obtained  in  the 
limit  *«),  representing,  e.g.,  the  substitution  of  Ce  by 
La  or  Th,  and  (ii)  the  ligand  defect,  characterized  by  A 
(AV#0  is  typically  negative).  If  the  bound  state  pins  the 
Fermi  level  (i.e.,  depending  on  the  effective  charge  of  the 
defect)  the  properties  of  the  impurity  are  magnetic,  i.e.,  it  can 
be  represented  by  an  effective  spin  1/2,  although  the  origin 
of  the  defect  is  usually  nonmagnetic.  If  the  charge  balance  is 
such  that  there  is  no  pinning  of  the  Fermi  level  the  bound 
state  is  nonmagnetic.  The  bound  states  are  strongly  localized, 
that  is,  they  only  extend  over  a  few  unit  cells. 

If  the  concentration  of  Kondo  holes  is  finite  the  bound 
states  acquire  a  finite  lifetime  and  an  impurity  band  (missing 
/electron)  or  impurity  tails  at  the  band  edges  (ligand  defects) 
arise.  Depending  on  the  charge  characteristics  of  the  defects 
the  Fermi  level  lies  in  the  continuum  or  in  the  reduced  gap. 
This  determines  the  thermal  properties  of  the  impure  Kondo 
insulator,  i.e.,  either  a  specific  heat  proportional  to  T  and  a 
Curie-Weiss  susceptibility  or  a  thermally  activated  small  ef¬ 
fective  gap  semiconductor.  The  former  case  is  unquestion¬ 
ably  the  more  exciting  one,  which  could  lead  to  a  spin-glass 


phase  or  to  an  insulator-metal  transition  as  a  function  of  c. 
The  impurity  band  is  expected  to  affect  the  infrared  optical 
properties. 

There  are  several  experimental  studies  on  impure  Kondo 
insulators.  The  predicted  dependence  of  y  has  been  veri¬ 
fied  for  La-substituted  Ce3Bi4Pt3.^’^’  The  valence  instability 
and  electrical  properties  of  Yb  and  La-substituted  SmBg  have 
been  studied  long  ago.*®  The  gap  of  CeNiSn  was  found  to 
close  with  15%  La  substitution*’  and  is  also  smeared  with 
increasing  x  in  CeNij  _;(Ptj.Sn.^ 

The  Coulomb  interaction  within  the /shell  is  introduced 
perturbatively  via  a  self-energy  to  second  order  in  U.  This 
approach  is  of  course  only  valid  for  small  U,  but  unless  the 
Kondo  insulator  becomes  antiferromagnetic  we  do  not  ex¬ 
pect  qualitative  changes  for  larger  U.  For  very  large  U  in  the 
asymmetric  case  the  1/N  expansion  (or  mean  field  slave 
bosons)  could  be  the  more  appropriate  method  to  study  the 
impurity  bands.^* 
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Structural  and  magnetic  ordering  in  the  cerium  hydride  (abstract) 

R.  R.  Arons®^ 
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Depending  on  the  H  concentration  at  the  octahedral  (0)  sites,  x(0),  various  tetragonal  phases,  due 
to  H  ordering,  are  observed  in  the  Ce  hydride  at  low  temperatures.  While  our  single  crystal  work 
showed  that  the  tetragonal  phase  for  H/Ce»'2.7,  corresponding  to  x(0)*'3/4,  is  only  stable  in  a 
region  of  x(0)=±0.05,  the  other  one  was  believed  to  be  caused  by  a  single  H  ordering  process  for 
0.15^x(0)^0.5  up  to  now.  However,  strong  discrepancies  in  the  structure  were  reported  from 
different  neutron  diffraction  studies.*  We  have  studied  both  the  structural  H  ordering  and  the 
magnetic  ordering  by  neutron  diffraction  work  for  0.2^x(0)^0.5.  It  will  be  shown  that  the  H 
ordering  for  x(0)=l/4  and  1/2  are  completely  different  (Space  groups:  I4/mmm  and  I4i/amd, 
respectively).  Accordingly,  for  x(0)=l/2  the  Ce  atoms  are  crystallographically  identical,  while  for 
x(0)=l/4  two  different  Ce  atoms  are  present  in  the  lattice.  Also  the  magnetic  order  is  completely 
different  for  the  two  phases.  For  x(O)=0.5,  a  commensurate  magnetic  phase  appears  below  Tif'*>3.5 

K.  The  structure  is  described  by  a  canted  ferromagnet  with  =1.3  /i^/Ce  atom  along  the  c  axis  and 

figlCc  atom  within  the  plane  normal  to  c.  On  the  other  hand,  for  0.2=sx(0)^0.25,  an 
incommensurate  AF  phase  with  a  long  period,  described  by  the  wave  vector  t=(0.12,  0.12,  0),  is 
obtained  at  1.4  K.  Above  2.6  K,  this  phase  is  progressively  replaced  by  the  commensurate  lines 
discussed  before.  For  x(O)=0.265,  the  two  phases  coexist  at  1.4  K,  while  for  x(O)=0.28  only  the 
commensurate  phase  is  retained.  Apparently,  the  long  period  phase  is  characteristic  of  the  ideal  H 
ordering  around  x(0)=l/4,  whereas  it  is  strongly  affected  by  the  H  occupation  of  the  new  positions 
for  higher  concentrations. 
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Recent  developments  in  multi-channel  Kondo  physics  (invited)  (abstract) 
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The  two-channel  Kondo  model  for  a  single  spin-one-half  magnetic  impurity  coupled  to  two 
degenerate  bands  of  conduction  electrons  predicts  the  existence  of  a  zero-temperature  quantum 
critical  point,  leading  to  “marginal-Fermi-liquid”  behavior  at  low  temperatures.  A  two-channel 
Kondo  description  has  been  proposed*  for  several  U  and  Ce-based  heavy-fermion  materials  whose 
thermodynamic  and  transport  properties  exhibit  anomalous  temperature  and  magnetic  field 
dependence.^  This  talk  will  review  recent  theoretical  work  on  multi-channel  Kondo  behavior.  Two 
factors  may  be  particularly  important  in  determining  the  relevance  of  the  multi-channel  Kondo 
effect  for  real  systems:  (1)  Channel  asymmetry:  Any  difference  between  the  coupling  of  the  two 
conduction  bands  to  the  impurities  leads  to  the  recovery  of  Fermi-liquid  behavior  at  sufficiently  low 
temperatures.^  (2)  Inter-impurity  interactions:  Numerical  renormalization-group  calculations  for  a 
two-impurity  model  show  that  any  nonzero  Ruderman-Kittel-Kasuya-Yoshida  (RKKY)  coupling 
between  the  impurities  destabilizes  the  single-impurity  critical  point.'*  Depending  on  the  strength 
and  sign  of  the  RKKY  coupling,  the  system  may  be  driven  either  to  a  Fermi-liquid  or  to  a  novel 
regime  of  non-Fermi-liquid  behavior  governed  by  nonuniversal  critical  exponents.  The  experimental 
implications  of  these  findings  will  be  discussed. 


'D.  L.  Cox,  Phys,  Rev.  Ult.  59,  1240  (1987). 

^C.  L.  Seaman  et  al,  Phys.  Rev.  Lett.  67,  2882  (1991);  B.  Andraka  and 
A.  M.  'ftvclik,  Phys.  Rev.  Utt.  67,  2886  (1991). 

’P.  Nozicres  and  A,  Blandin.  J.  Physique  41,  193  (1980). 

^K.  Ingersent,  B.  A.  Jones,  and  J.  W.  Wilkins,  Phys.  Rev.  Lett.  69,  2594 
(1992). 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021 -8979/94/75(1 0)/7051/1 /$6.00 


©  1994  American  Institute  of  Physics  7051 


Giant  Magnetoresistance  in  Multilayers 


A.  Ehrlich,  Chairman 


Giant  magnetoresistance  in  FeogsCro  05/Cr  multiiayer  fiims 
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We  have  studied  the  effect  of  Cr  alloying  addition  to  the  Fe  layers  on  the  magnetoresistance 
behavior  of  the  Fe/Cr  superlattice  films  [Fe(15  A)/Cr(8-20  A)]3o.  The  alloyed  superlattice  films 
Fe0.95Cr0.05/Cr  exhibited  significantly  improved  giant  magnetoresistance  effect  (Ai?/i?~12,2%  at 
4.2  K),  as  compared  to  the  unalloyed  Fe/Cr  multilayer  films  (A/?//J~6.9%).  The  M-H  loops 
indicate  that  antiferromagnetic  coupling  exists  in  both  films,  which  is  believed  to  b?  responsible  for 
the  observed  giant  magnetoresistance.  The  improvement  in  A/?//?  in  the  Cr-alloyed  superlattice 
films  is  attributed  to  the  stronger  spin-dependent  scattering  of  conduction  electrons  caused  by  the 
introduction  of  Cr  impurities  in  the  fenomagnetic  layers.  The  alloyed  superlattice  films  also  exhibit 
reduced  coercivity  and  saturation  magnetization. 


I.  INTRODUCTION 

The  giant  magnetoresistance  (GMR)  phenomenon  ob¬ 
served  in  the  Fe/Cr  type  multilayer  films'"*^  is  attributed  to 
the  spin-dependent  scattering  at  the  interface  of  multilayer 
thin  films,  as  well  as  the  spin-dependent  bulk  scattering.^  In 
the  applied  field,  the  spins  in  ferromagnetic  layers  align  in 
the  field  direction,  and  as  a  result,  a  reduced  electrical  resis¬ 
tance  (pf)  is  obtained  in  the  film.  However,  if  the  field  is 
removed,  the  ferromagnetic  layers  adjacent  to  the  nonmag¬ 
netic  spacer  layer  in  between  exhibit  an  antiferromagnetic 
coupling  (antiparallel  magnetization),  and  as  a  result  a  higher 
resistance  (p^^)  is  obtained  (e.g.,  due  to  the  spin-flip  scat¬ 
tering  when  the  conduction  electrons  cross  ihe  interfaces, 
and  move  into  the  neighboring  ferromagnetic  layers.)  The 
change  in  magnetoresistance  is  defined  as  a  resistivity  ratio 
^plp={p^F- pp)lpp  or  a  resistance  ratio  AR/R. 

In  the  two  current  mode,"  the  current  is  carried  by  the 
spin  T  and  spin  )  electrons.  Here  )  and  i  indicate  majority 
and  minority  spins.  At  high  applied  fields  (ferromagnetic 
state),  and  low  temperature,  the  total  current  of  multilayer 
thin  films  is  determined  by  the  spin  t  and  spin  j  current  in 
parallel.  The  spin  t  and  spin  i  curents  could  become  sig¬ 
nificantly  different  if  certain  transition  metal  impurities  are 
purposely  introduced  to  a  fenomagnetic  material  to  dispro¬ 
portionately  scatter  the  spin  f  and  spin  j  electrons.  In 
multilayer  thin  films,  small-thickness  nonmagnetic  layers 
and  the  interface  areas  could  be  interpreted  as  the  scattering 
impurities  in  ferromagnetic  layers.^’^’*  However,  a  direct  al¬ 
loying  of  impurities  into  the  ferromagnetic  layer  itself  to 
modify  the  scattering  behavior,  and  hence  the  GMR  effect 
has  not  been  attempted. 

In  this  paper,  \ve  report  a  significant  increase  in  GMR 
effect  (almost  twofold  improvement)  by  intentional  Cr  alloy¬ 
ing  of  the  Fe  layer  in  the  Fe/Cr  multilayer  superlattice. 

II.  EXPERIMENT 

Multilayer  thin  films  of  (Feo.95Cro  05)/Cr  and  Fe/Cr  were 
prepared  by  DC  magnetron  triode  sputtering  system  with 


computer-controlled  rotating  shutter  and  substrate.  These 
films,  typically  consisting  of  30  double  layers  of  Fe(~15  A 
thick)  and  Cr(~ll  A  thick),  were  deposited  on  the  Si(lOO) 
substrate  wafers,  which  were  chemically  cleaned  (with  a 
10%  HF  solution)  before  deposition.  As  shown  schematically 
in  Fig.  1,  a  Cr  overlayer  of  50  A  was  added  on  top  of  the 
multilayer  structure  to  protect  the  deposited  films  from  oxi¬ 
dation.  A  Fe  buffer  layer  of  40  A  was  used  between  the  Si 
substrate  and  the  multilayer  to  improve  the  quality  of  the 
superlattice  interfaces.  Because  the  magnetoresistance  effect 
is  very  sensitive  to  the  deposition  parameters,  such  as  ap¬ 
plied  accelerating  voltage  and  distance  between  substrate  and 
target,  Ar  atmosphere  pressure,  substrate  temperature,  and 
the  nature  of  substrate  materials,  etc.,  the  study  of  the  Cr 
alloying  effect  was  made  on  samples  carefully  prepared  un¬ 
der  the  same  sputtering  conditions.  Sputtering  was  carried 
out  in  a  3X10”^  Torr  argon  atmosphere;  with  a  base  pressure 
of  2X10”’  Torr  before  sputtering.  A  sputtering  rate  of  —100 
A/min  was  used  for  all  targets  by  adjusting  the  applied  ac¬ 
celeration  voltage  between  the  substrate  and  target  to  be  90 
V  for  ihe  Cr  target  and  140  V  for  the  Fe  and  Fe0.95Cr0.05 
targets.  The  film  thickness  was  determined  by  Rutherford 
Backscattering  Spectrometry  (RBS)  using  a  calibration 


FIG.  1.  Schematic  illustration  of  the  Feo95Cro5/Cr  superlattice  film 
structure. 
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FIG.  2.  ikR/R  vs  H  at  4.2  K 


sample  of  about  1000  A  thick  single  layer  films  of  Fe, 
Feo,95Cro.o5i  and  Cr,  prepared  under  the  same  deposition  con¬ 
ditions. 

The  crystal  stmcture  and  texture  of  the  deposited  films 
were  evaluated  by  x-ray  diffraction  (XRD)  using  KjCu)  ra¬ 
diation.  Small  angle  XRD  was  also  carried  out  to  character¬ 
ize  the  interface  roughness  of  the  multilayer  thin  films.  Con¬ 
ventional  four  probe  method  was  used  to  measure  the 
electrical  resistance  with  a  magnetic  field  applied  in  the  film 
plane  along  the  current  flow  direction.  The  measurements 
were  carried  out  at  various  temperatures  (4.2-295  K)  and 
fields  up  to  30  K  Oe.  The  in-plane  magnetization  loops  were 
measured  at  room  temperature  and  4.2  K  by  using  a  vibrating 
sample  magnetometer. 

III.  RESULTS  AND  DISCUSSION 

The  high-angle  x-ray  diffraction  study  indicates  that  the 
main  diffraction  peaks  are  Fe(llO)  and  Cr(llO).  The  low- 
angle  diffraction  measurements  show  a  characteristic  peak 
associated  with  the  layer  structure  for  both  Feo,95Cro,o5/Cr 
and  Fe/Cr  superlattice  films.  The  supetlattice  wavelength  cal¬ 
culated  from  the  peak  position  is  within  10%  of  nominal 
thickness  obtained  from  the  calibration  films.  Comparison  of 
the  measured  intensity  versus  curves  suggests  that  the 
flatness  of  the  interface  in  the  Fe/Cr  superlattice  film  is  not 
drastically  altered  by  Cr  alloyi»  •  to  the  Fe  layers. 

Shown  in  Fig.  2  are  th  magnetoresistance  ratio 
[A/?/R  =  (/?-/?,)/Rj,  where  Rj  is  the  resistance  at  the  satu¬ 
ration  field]  versus  applied  magnetic  field  curves  (in-plane 
field  parallel  to  the  cunent  flow  direction)  at  4.2  K  for  both 
[Fe0.95Cr0.05  (15  A)/Cr  (11  A)]3o  and  [Fe(15  A)/Cr(ll  A)]^ 
films.  As  is  evident  from  the  figure,  the  magnetoresistance 
ratio  of  ~11.8%  for  the  Feo.95Cro.05/Cr  superiattice  is  much 
larger,  compared  with  ~6.4%  for  the  Fe/Cr  superiattice. 
(Slightly  higher  values  of  12.2%  and  6.9%  are  obtained  if  the 
Cr  interlayer  thickness  is  optimized  to  10  and  9  A,  respec¬ 
tively,  for  the  Fe0.95Cr0.05/Cr  and  Fe/Cr  superiattice  films,  as 
discussed  later.)  ITie  AR/R  vs  N  curves  at  4.2  K  for  both 
superiattice  films  show  the  well-known  hysteresis  behavior 
because  of  the  relatively  large  coercivity.  Essentially  similar 
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FIG.  3.  M-H  loops  at  4.2  K. 


AR/R  behavior  is  observed  at  room  temperature,  except  that 
the  magnetoresistance  ratios  are  somewhat  lower  than  at  4.2 
K,  and  the  hysteresis  is  not  as  obvious  due  to  the  smaller 
coercivity  at  room  temperature.  A  peak  room  temperature 
value  of  ~7%  is  obtained  for  the  Cr-alloyed  superiattice,  and 
~4%  for  the  unalloyed  superiattice  film.  The  magnetoresis¬ 
tance  ratios  obtained  in  the  present  study  arc  considerably 
smaller  than  the  values  previously  reported  by  other  re¬ 
searchers,  The  MR  ratio  in  superiattice  films  is  known  to  be 
very  sensitive  to  various  processing  and  materials 
parameters.'®’’^  The  exact  reason  why  the  MR  values  in  the 
present  films  are  generally  low  is  not  clearly  understood  at 
the  moment. 

The  M-H  loops  of  the  [Feo.95Cro.o5(15  A)/Cr(H  A)]  and 
[Fe(15  A)/Cr(ll  A)]3o  superiattice  films  are  shown  in  Fig.  3 
for  4.2  K.  The  Cr  alloying  reduces  the  coercivity,  increases 
the  remanence,  and  decreases  the  saturation  moment.  Essen¬ 
tially  similar  M-H  characteristics  are  observed  at  room  tem¬ 
perature,  except  that  the  coercivity  values  decrease  from 
~200  and  ~150  Oe  at  4.2  K  to  ~50  and  ~35  Oe  at  room 
temperature  for  the  Fe/Cr  and  Feo,95Cro,o5/Cr  superiattice,  re- 
•spectively.  All  the  M-H  curves  saturate  at  a  relatively  high 
field  (above  12  KOe),  and  show  the  antifenrmagnetic  cou¬ 
pling  effect  between  two  neighboring  ferromagnetic  Fe  lay¬ 
ers  separated  by  the  nonmagnetic  Cr  layer.  At  a  high  satura¬ 
tion  field,  all  the  fenomagnetic  Fe  layers  in  the  superiattice 
align  the  magnetic  moment  in  the  field  direction.  When  the 
field  is  decreased  to  a  certain  low  value,  but  still  in  the  same 
direction,  the  magnetization  direction  of  every  other  Fe  layer 
is  gradually  reversed,  due  to  the  increasing  antifenomagnetic 
coupling  between  two  neighboring  Fe  layers.  Thus,  at  low 
field,  the  magnetization  of  the  superiattice  is  small  and  the 
magnetization  direction  of  two  neighboring  Fe  layers  is  an¬ 
tiparallel.  When  the  field  is  raised  to  the  saturation  field  in 
the  opposite  field  direction,  the  previously  antiparallel  layers 
slowly  reverse  their  magnetization  over  the  range  01  ~0.5  to 
~30  KOe  until  the  superiattice  is  saturated. 

The  saturation  moment  (M,)  of  the  [Feo.95Cro.o5(15  A)/ 
Cr(ll  A)]3o  film  is  estimated  to  be  about  1190  emu/cm^  at 
4.2  K  which  is  slightly  smaller,  when  compared  with  ~1300 
emu/cm®  for  the  [Fe(15  A)/Cr(ll  A)]3o  superiattice.  The 
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FIG.  4.  ^R/R  vs  Cr  interlayer  thickness  at  4.2  K. 

smaller  saturation  moment  is  believed  to  be  caused  by  the  Cr 
alloying  of  the  Fe  layers.  As  shown  in  Fig.  3,  the  remanent 
magnetization  values  of  both  superlattices  are  still  substan¬ 
tial,  around  0.35Mj ,  which  means  the  antiferromagnetic  cou¬ 
pling  between  the  Fe  layers  is  not  perfect. 

Shown  in  Fig.  4  is  the  change  in  magnetnresistance  at 
4.2  K  as  a  function  of  Cr  interlayer  thickness  for  both  the 
Feo.95Cro,o5/Cr  and  Fe/Cr  superlattices.  As  is  evident  from  the 
figure,  the  maximum  magnetoresistance  (A/?/J?  =  12.2% 
and  6.9%,  respectively  for  Fco.9sCro,o5/Cr  and  Fe/Cr  superlat¬ 
tice)  occurs  at  a  Cr  thickness  of  around  10  A,  in  agreement 
with  a  previous  report,’  which  showed  an  oscillatory  change 
in  magnetoresistance  as  a  function  of  Cr  thickness.  It  is  seen 
that  the  magnetoresistance  ratio  for  Feo,95Cro.os/Cr  is  higher 
than  that  of  Fe/Cr  at  all  Cr  thicknesses  studied  here.  Such 
improved  magnetoresistance  ratio  by  adding  Cr  impurities 
directly  to  the  Fe  layer  is  attributed  to  stronger  spin- 
dependent  scattering  of  electrons  in  the  Feo  gjCro  oj/Cr  super¬ 
lattice,  and  not  to  any  significant  difference  in  interface  * 
roughness,  as  discussed  earlier.  As  mentioned  previously,  the 
Cr  impurity  (in  the  form  of  layers)  in  the  Fe/Cr  superlattice 
makes  the  spin  T  and  spin  j  current  very  different.**  When 
Cr  impurities  are  mixed  in  Fe  near  the  interface,  the  pj/pl 
ratio  is  almost  equal  to  6  and  very  large  compared  with  pure 
iron.  Thus,  it  is  believed  that  in  the  present  Feo95Cro.o5/Cr 
superlattices,  the  direct  mixing  of  Cr  impurities  in  the  Fe 
layer  should  yield  an  additionally  increased  pT/pi  ratio  and 
A/?//?,  as  compared  to  that  in  Fe/Cr,  which  is  indeed  ob¬ 
served  in  this  work. 

The  temperature  dependence  of  magnetoresistance  and 
that  of  resistivity  for  the  [Fe0.95Cr0.05/Cr330  and  [Fe/Cr]3o 
films  are  shown  in  Fig.  5.  We  find  a  general  trend  that  the 
magnetoresistance  ratio  increases  as  the  measurement  tem¬ 
perature  is  decreased  in  both  types  of  films.  The  increases  in 


FIG.  5.  l^R/R  and  p  vs  temperature  for  the  superlattice  films. 

magnetoresistance  ratio  for  both  films  when  temperature  is 
lowered  from  room  temperature  to  4.2  K  are  caused  mostly 
by  the  temperature-dependent  increase  in  hR  at  low  tem¬ 
perature  as  the  resistivity  (or  resistance)  of  the  films  exhibit 
relatively  small  temperature  dependence,  as  shown  in  the 
figure. 

IV.  SUMMARY 

The  giant  magnetoresistance  behavior  and  mugnetization 
properties  of  the  [Fe0.95Cr0.05/Cr330  superlattice  films  have 
been  studied  and  compared  with  those  of  the  [Fe/Cr33o  films. 
Significantly  improved  magnetoresistance  is  obtained  by  di¬ 
rect  alloying  of  Cr  in  the  ferromagnetic  Fe  layers,  which  is 
attributed  to  the  stronger  spin-dependent  scattering  of  elec¬ 
trons  caused  by  the  introduction  of  Cr  impurities  in  the  fer¬ 
romagnetic  layers. 
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The  effect  of  Au  impurities  at  the  interfaces  on  the  magnetoresistance 
of  MBE-grown  Co/Cu  multilayers 
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We  have  grown  Co/Cu  multilayers  by  MBE  using  a  shuttering  arrangement  wherein  half  of  the 
sample  receives  an  amount  of  Au  impurities  at  each  interface.  Under  these  controlled  conditions,  the 
differences  in  measurements  between  each  half  is  attributed  only  to  the  effect  of  the  impurities.  The 
samples  were  characterized  by  x-ray  diffraction  and  RHEED.  We  have  found  that  small  fractions  of 
a  monolayer  of  Au  deposited  at  the  Co/Cu  interface  significantly  decreased  the  GMR.  These  results 
are  discussed  in  the  light  of  current  theories  on  the  role  of'bulk  and  interface  scattering. 


INTRODUCTION 

The  giant  magnetoresistance  (GMR)  found  in  magnetic 
multilayers  has  recently  been  the  subject  of  great  interest, 
with  Fe/Cr  and  Co/Cu  being  the  most  widely  studied  sys¬ 
tems.  It  is  interesting  to  note  that  there  are  important  experi¬ 
mental  differences  regarding  the  GMR  between  Fe/Cr  and 
Co/Cu.  In  Fe/Cr,  for  example,  various  methods  of  causing 
interdiffusion  at  the  interface — annealing’  or  changing  the 
growth  conditions^ — can  lead  to  an  increase  in  the  magni¬ 
tude  of  the  GMR.  On  the  other  hand,  Hall  et  al}  found  that 
for  Cu/Co,  the  GMR  decreased  when  interdiffusici  was 
caused  by  annealing.  Moreover,  it  was  not  until  a  gfvWth 
technique  of  making  the  interfaces  smoother  v;as 
discovered,**  that  a  GMR  was  observed  in  MBE-grown  (111)- 
oriented  Co/Cu  multilayers. 

In  the  present  investigation,  we  employ  yet  another  ex¬ 
perimental  technique  for  changing  the  magnitude  of  the 
GMR.  For  Fe/Cr,  it  has  been  found’  that  the  GMR  is  signifi¬ 
cantly  increased  if  one  deposits  “extra”  Cr  impurities  at  the 
Fe/Cr  interface.  We  have  found  that  the  opposite  results  ap¬ 
ply  to  Co/Cu.  That  is,  the  deposition  of  Au  impurities  at  the 
Co/Cu  interface  decrease  the  magnitude  of  the  GMR.  We 
note  that  various  authors^  have  deposited  impurities  at  the 
interface  of  Fe/Cr,  which  resulted  in  a  decrease  in  the  GMR, 
however,  in  that  work  the  thickness  of  the  spacer  layer 
(impurity +Cr)  was  not  held  constant,  thus  obscuring  the  ef¬ 
fect  of  the  impurity. 

Before  describing  our  data,  it  is  useful  to  place  these 
results  in  context.  The  theoretical  model  for  the  GMR  sug¬ 
gested  by  Baibich  etal.^  and  developed  by  Camley  and 
Bamas,’  which  is  based  on  separate  currents  flowing  in  par¬ 
allel  for  different  spin  directions,  explains  rather  well  the 
general  features  of  the  GMR  data.  This  model  is  based  on 
spin-dependent  electron  scattering  as  the  source  of  the  GMR. 
Based  on  these  ideas,  we  recently  attributed^  the  very  differ¬ 
ent  behavior  between  the  Fe/Cr  and  the  Co/Cu  systems  to  the 
fact  that  whereas  spin-dependent  interface  scattering  is 
dominant  in  Fe/Cr,  spin-dependent  hulk  scattering  deter¬ 
mines  the  GMR  for  Co/Cu,  for  the  following  reason.  For  the 
Fe/Cr  system,  the  diffusion  of  Cr  into  Fe  leads  to  a  resonant 
virtual  bound  d  state  at  the  Fermi  .vel,®  and  hence  to  strong 
spin-dependent  scattering  at  the  Fe/Cr  interfaces.  However, 


the  scattering  at  the  Co/Cu  interface  should  be  spin- 
independent  because  no  such  virtual  bound  state  exists  when 
Cu  diffuses  into  Co.  Recent  results’  on  the  diffusion  of  Cu 
into  NiFe  by  annealing  lend  credence  to  the  idea  that  Cu  as 
an  impurity  at  the  interface  of  magnetic  and  nonmagnetic 
layers  causes  only  spin-independent  scattering. 

Further  support  for  these  ideas  come  from  the  measure¬ 
ments  by  Parkin  etaO^  which  have  shown  that  for  the 
Co/Cu  system,  the  magnitude  of  the  GMR  as  a  function  of 
the  Cobalt  thickness  has  a  distinct  maximum  at  about  10  A. 
This  result  has  been  explained,  both  by  Dieny  e/n/.”  and 
Mathon’^  on  the  basis  on  bulk  spin-dependent  scattering. 
Moreover,  Dieny  eta/.’’  showed  that  the  maximum  in  the 
GMR  disappears  if  the  interface  spin-dependent  scattering  is 
also  included  in  the  calculation  of  the  GMR. 

These  theoretical  results  are  easy  to  understand.  Increas¬ 
ing  the  Co  thickness  leads  to  an  increase  in  the  relative  pro¬ 
portion  of  the  bulk  scattering  to  interface  scattering,  because 
a  thicker  Co  layer  leads  to  fewer  interfaces  per  unit  thickness 
of  the  multilayer.  Therefore,  if  interface  spin-dependent  scat¬ 
tering  were  to  be  the  most  important  for  the  GMR,  then  the 
GMR  would  always  decrease  with  increasing  Co  thickness; 
this  is  not  observed  for  Co/Cu  multilayers.  However,  if  bulk 
spin-dependent  scattering  is  the  most  important  for  the 
GMR,  then  the  GMR  should  initially  increase  with  increas¬ 
ing  Co  thickness  (which  is  in  accordance  with  the  Co/Cu 
data  of  Parkin  et  al.  ’”)  Finally,  for  sufficiently  thick  Co  lay¬ 
ers,  the  GMR  must  eventually  decrease  because  the  electron 
becomes  “confined”  to  a  single  magnetic  layer  by  its  finite 
mean-free  path.  This  explains  the  observed  maximum  in  the 
GMR  or  Co/Cu  multilayers  as  a  function  of  the  Co  thickness. 

Recent  results’^  on  Co/Cu  and  Permalloy  (Ni8iFe)9)/Cu 
multilayers  purport  to  show  that  in  these  systems  the  GMR  is 
entirely  determined  by  spin-dependent  interface  scattering, 
interestingly,  in  these  experiments  where  the  GMR  is  mea¬ 
sured  as  a  function  of  the  thickness  of  a  Co  layer  inserted 
between  permalloy  and  Cu,  the  GMR  continues  to  increase 
until  the  Co  is  8-10  A  thick  (consistent  with  Ref.  10)  and  no 
observed  decrease,  surely  if  the  GMR  were  determined  by 
the  interface  alone,  a  decrease  should  be  observed.  It  is  also 
difficult  to  reconcile  the  interface-only  argument  in  the  light 
of  thermopower  measurements  on  Co/Cu, ’*'  which  show  that 
the  thermopower  goes  as  the  reciprocal  of  the  magnetoresis- 
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tance.  These  authors  point  out  the  essential  role  of  the  bulk 
density  of  states  in  understanding  these  results.  It  also 
appears*®  that  the  thermopower  of  permalloy  Cu  multilayers 
is  very  similar  to  that  of  Co/Cu,  indicating  that  the  bulk 
density  of  states  of  these  systems  is  rather  similar.  We  feel 
that  aspects  of  both  the  interface  and  bulk  scattering  must  be 
considered. 

The  purpose  of  the  present  investigation  is  to  shed  light 
on  the  question  of  the  relative  importance  of  interface  versus 
bulk  spin-dependent  scattering  for  the  Co/Cu  system.  In  par¬ 
ticular,  we  wish  to  elucidate  the  role  played  by  impurities 
deliberately  added  at  the  Co/Cu  interface.  The  results  we 
present  here  are  consistent  with  the  conclusion  that  the  domi¬ 
nant  source  of  spin-dependent  scattering  in  Co/Cu  is  located 
in  the  bulk.  We  have  added  small  (<^1  monolayer)  quantities 
of  Au  impurities  at  the  interfaces,  and  have  observed  a  de¬ 
crease  in  the  GMR  that  is  related  to  the  amount  of  Au  de¬ 
posited.  For  example,  the  GMR  decreased  from  22%  to  6% 
when  the  Au  shutter  was  opened  for  three  seconds  after  each 
interface  was  formed.  Thus,  we  have  found  yet  another  ex¬ 
ample  of  opposite  behavior  exhibited  by  the  GMR  for  the 
Co/Cu  system  and  for  the  Fe/Cr  system.  It  should  be  pointed 
out  that  other  explanations  are  also  possible  for  the  observed 
decrease  in  the  GMR  when  Au  impurities  are  added  at  the 
Co/Cu  interface.  Further  experimental  investigation  of  this 
point  is  in  progress. 


EXPERIMENTAL 

The  Co/Cu  multilayers  were  grown  in  a  VG80M  MBE 
facility  with  a  base  pressure  of  3X10“"  mbar.  The  substrate 
of  GaAs(llO)  was  heated  to  600  "C  to  achieve  the  RHEED 
patterns  characteristic  of  GaAs(llO)  surface  reconstruction 
prior  to  growth.  A  500  A  buffer  layer  of  Ge  was  deposited  at 
500  ®C  at  a  rate  of  about  0.16  A  per  second.  During  the 
evaporation  of  metallic  layere  the  substrate  temperature  w 
held  at  100  °C.  The  first  metallic  layer  was  15  A  of  Co  oe- 
posited  at  a  rate  of  about  0.2  A/s,  which  grew  as  (100)  BCC. 
A 10  A  layer  of  Au  was  then  deposited  on  the  Co,  because  it 
was  found  that  such  a  layer  is  essential  to  produce  a  high- 
quality  Co/Cu  multilayer.  The  multilayers  then  consisted  of 
20  bilayers  of  Co(15  A)Cu(9  A)  grown  on  the  Au  layer.  To 
obtain  the  best  samples  the  substrate  is  rotated  at  about  1  Hz. 
In  order  to  minimize  intersample  differences,  we  prepared 
samples  where  the  Au  deposition  at  the  interface  affected 
half  a  large  sample.  At  the  point  in  the  process  where  Au  was 
to  be  introduced  at  an  interface,  a  shutter  was  used  to  occlude 
half  of  the  sample,  thereby  ensuring  that  the  differences  be¬ 
tween  the  two  halves  were,  as  near  as  possible,  due  to  just 
the  Au.  To  obtain  various  amounts  of  Au,  the  evaporation 
source  was  exposed  for  different  short  periods  of  time.  Re¬ 
sistivity  measurements  were  performed  using  the  standard 
four-probe  DC  method  in  fields  up  to  8  T  and  at  temperatures 
between  room  temperature  and  4  K.  The  magneto-optical 
Kerr  effect  was  used  to  obtain  magnetization  curves  at  room 
temperature  and  in  a  maximum  field  of  0.5  T. 
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FIG.  1.  TTie  field  dependence  of  the  normalized  resistivity  at  4  K  for  (a)  2  s, 
(b)  3  s,  and  (c)  6  s  exposure  of  the  Au  source. 


RESULTS 

Different  samples  were  prepared  with  Au  impurities  by 
exposing  the  source  for  Is,  2s,  3s.  and  6s.  We  estimate 
that  the  Au  deposition  rate  is  about  0.05  A  s“'.  The  samples 
were  characterised  in  situ  by  RHEED  and  ex  situ  by  low- 
angle  x-ray  diffractometry.  The  x-ray  scans  show  that  the 
first-order  Bragg  peak  corresponding  to  the  bilayer  thickness 
for  each  sample  agree  within  the  experimental  error.  Quali¬ 
tatively  the  data  suggests  that  the  Au  has  had  only  a  small 
influence  on  the  quality  of  the  layers.  Scans  with  and  without 
Au  are  similar  with  many  Kiessig  fringes,  which,  if  superim¬ 
posed,  are  of  similar  intensity  but  slightly  out  of  phase  with 
each  other.  We  will  present  more  detailed  results  in  a  future 
publication.  Figure  1  shows  the  magnetoresistance  at  4  K  for 
the  2s,  3s,  and  6s  samples.  The  Is  sample  resulted  in  a  less 
than  1%  change  in  MR.  It  is  evident  that  even  small  quanti¬ 
ties  of  Au  can  result  in  large  changes  in  MR,  but  importantly, 
in  all  cases  the  addition  of  Au  at  the  Co/Cu  interface  resulted 
in  a  decrease  in  MR.  It  is  interesting  to  note  that  in  all 
samples,  the  addition  of  Au  did  not  significantly  increase  the 
resistivity.  For  example,  the  largest  change  was  in  the  6s 
sample  with  only  a  2  /ufl  cm  increase  in  resistivity  with  the 
addition  of  Au,  yet  the  MR  has  decreased  by  18%.  By  com¬ 
parison,  in  our  annealing  work,®  such  a  large  change  in  MR 
was  accompanied  by  a  fourfold  increase  in  p.  We  have  de¬ 
termined  Hg  as  the  saturation  field  of  the  MR,  by  fitting  a 
straight  line  to  the  high  field  region  and  looking  for  the  point 
of  change  in  slope.  In  all  cases  the  saturation  field  is  substan¬ 
tially  less  when  Au  is  deposited  at  the  interfaces.  The  results 
for  all  samples  are  summarized  in  Table  1. 

Turning  to  t' magnetization.  Fig.  2  shows  the  room 
temperature  results  for  the  3s  sample.  With  the  5  KOe  field 
available,  it  was  impossible  to  saturate  the  magnetization  of 
any  of  the  samples.  The  data  for  the  3s  sample  was  typical, 
in  that  at  these  fields  and  temperatures  it  was  difficult  to  see 
a  difference  in  M(N)  due  to  the  Au.  Figure  2  shows  the  low 
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TABLE  1.  ExpCisuies  of  the  Au  source  are  in  seconds  and  the  resistivities  are 
at  4  K.  The  percentage  change  in  the  magnetoresistance  (MR%)  is  for  mea¬ 
surements  made  at  4  K  and  is  the  saturation  field  for  the  MR.  The 
remanence  and  coercive  field  (//<-)  are  from  measurements  made  at  room 
temperature. 
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field  region  of  the  same  sample,  3s.  From  this  data  we  have 
extracted  the  remanence  and  coercive  field.  For  all  the 
samples,  the  coercive  field  was  about  the  same,  30-40  Oe, 
whereas  the  remanence  for  the  samples  with  Au  was  less 
than  their  counterparts  without  Au  (see  Table  I).  It  is  not 
possible  to  connect  the  changes  in  MR  with  changes  in  the 
magnetic  structure  at  this  point.  If  one  looks  at  the  MR  data 
at  the  same  temperature  and  field  range  as  the  magnetization, 
there  is  little  difference  between  samples.  Further  magneti¬ 
zation  studies  at  low  temperature  are  ongoing.  We  may  quali¬ 
tatively  interpret  these  results  in  the  same  light  as  our  anneal- 
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FIG.  2.  Expanded  field  magnetization  room  temperature  for  no  Au  and  3  s 
exposure  of  the  Au  source  at  each  Co/Cu  interface. 


ing  work.  The  addition  of  Au  at  the  Co/Cu  interface  has 
resulted  in  an  increase  in  scattering  that  takes  place  at  the 
interface.  The  bulk  of  the  Co  has  been  little  affected  by  the 
Au,  and  thus  scattering  in  the  bulk  is  unchanged.  Thus  there 
is  a  net  increase  in  scattering  that  takes  place  at  the  interface 
over  that  in  the  bulk.  Since  bulk  scattering  is  the  most  im¬ 
portant  for  the  MR  in  Co/Cu,  this  has  resulted  in  a  decrease 
in  the  MR.  This  is  another  example  of  the  difference  between 
the  Co/Cu  system  and  the  Fe/Cr  system  where  in  the  latter, 
additional  scattering  at  the  interface  resulted  in  an  increase  in 
the  MR. 

In  conclusion  we  have  found  that  depositing  small 
amounts  of  Au  at  the  Co/Cu  interface  has  resulted  in  large 
decreases  in  MR  in  proportion  to  the  amount  of  Au  depos¬ 
ited,  but  without  a  significant  increase  in  resistivity.  The 
saturation  field  of  the  MR  was  found  to  fall  by  a  factor  of 
about  2  and  the  remanence  by  about  50%,  for  the  samples 
with  Au  at  the  interface. 
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Low  field  giant  magnetoresistance  in  discontinuous  magnetic  multilayers 

T.  L  Hylton,  K.  R.  Coffey,  M.  A.  Parker,  and  J.  K.  Howard 
IBMAdStar,  San  Jose,  California  95193 

Giant  magnetoresistance  of  order  4%-6%  has  been  observed  in  fields  of  5-10  Oe  at  room 
temperature  in  annealed  multilayers  of  Ni8oFe2(/Ag  prepared  by  magnetron  sputtering.  For  a  wide 
range  of  NiFe  and  Ag  thicknesses,  no  giant  magnetoresistance  was  observed  in  the  unannealed  films. 

We  attribute  the  appearance  of  giant  magnetoresistance  to  a  magnetostatic  interlayer  interaction  that 
promotes  antiparallel  order  of  the  moments  in  adjacent  layers  fostered  by  a  breakup  of  the  NiFe 
layers.  We  discuss  the  effects  of  variations  in  the  underlayers,  spacer  thickness,  and  the  sputtering 
process  on  the  magnetoresistance.  Our  results  suggest  that  maximizing  magnetoresistance  and 
•minimizing  hysteresis  require  samples  with  continuous  Ag  layers  that  prevent  contact  between  the 
NiFe  layers  and  NiFe  layers  that  are  discontinuous  but  not  too  severly  disrupted. 


Recently  we  reported*  a  giant  magnetoresistance  (GMR) 
effect  of  order  4%-6%  with  characteristic  fields  of  5-10  Oe 
in  annealed  multilayers  of  Ni8oFe2o/Ag.  Unannealed  films  are 
ferromagnetically  coupled  with  negligible  GMR.  Upon  an¬ 
nealing,  GMR  develops  concurrently  with  a  break-up  of  the 
magnetic  layers.  We  have  attributed  the  appearance  of  the 
GMR  at  low  fields  to  magnetostatic  interactions  that  favor 
antiparallel  order  of  the  moments  in  adjacent  NiFe  layers, 
which  are  prompted  by  the  breakup  of  the  magnetic  layers. 
Devices  based  on  these  structures  may  be  able  to  capitalize 
on  the  original  promise  of  GMR,  as  observed  in  Fe/Cr 
multilayer  systems^^  by  offering  highly  sensitive  magnetic 
field  sensors  alternative  to  the  “spin-value”"*  and  other  low- 
field  GMR  structures^’*  for  applications  such  as  magnetore¬ 
sistive  heads  used  in  magnetic  recording  systems.  In  this 
paper  we  concentrate  on  the  role  of  process  variations  in  the 
preparation  of  these  structures,  how  they  effect  the  GMR, 
and  how  they  relate  to  our  interpretation  of  the  physics.  An¬ 
other  paper  at  this  conference  will  concentrate  on  the  struc¬ 
ture  of  these  and  related  samples,  as  determined  by  transmis¬ 
sion  electron  microscopy  and  x-ray  diffraction.’ 

As  we  have  previously  discussed,*’*’’*  greater  low-field 
sensitivity  in  systems  of  magnetic  particles  embedded  in  a 
nonmagnetic  matrix  exhibiting  GMR'**"*’  can  oe  achieved  if 
the  particles  can  be  given  a  flat,  disk-like  shape  and  oriented, 
such  that  ail  the  particle  surfaces  are  parallel  to  each  other 
and  to  the  applied  field.  The  in-plane  anisotropy  induced  by 
departures  from  a  perfectly  circular  perimeter  will  be  much 
smaller  than  in  the  case  of  similarly  misshapen  spherical  par¬ 
ticles.  In  an  effort  to  achieve  such  a  structure,  we  have  pre¬ 
pared  annealed  multilayers  of  immiscible  magnetic  (NiFe) 
and  nonmagnetic  materials  (Ag).  Under  appropriate  anneal¬ 
ing  conditions,  we  expect  penetration  of  the  nonmagnetic 
material  at  the  grain  boundaries  of  the  magnetic  layer.  While 
this  may  or  may  not  result  in  a  collection  of  flat,  island-like 
magnetic  particles,  it  will  certainly  promote  a  multidomain 
state  within  the  magnetic  layers.  In  addition,  because  the 
grains  are  columnar  (with  epitaxy  between  the  NiFe  and  Ag 
layers)  we  expect  that  discontinuities  at  the  grain  boundaries 
in  the  magnetic  layers  will  promote  antiparallel  alignment  of 
the  moments  in  adjacent  layers.*’’ 

The  multilayers  were  prepared  by  S-gun  magnetron 
sputtering  in  a  mixture  of  4%  H2  and  96%  Ar  at  a  pressure  of 


3  mTorr  with  substrates  at  ambient  temperature.  Substrates 
were  1  in.  Si  wafers  with  a  700  A  thermally  grown  oxide 
surface.  A  typical  sample  with  n  NiFe  layers  of  thickness  x 
and  Ag  layers  of  thickness  y  is  given  by  Ta(100 
A)/Ag(y/2)/[NiFe(x)/Ag(y)L_ ,/NiFe(x)/Ag(y/2)7ra(40  A)/ 
SiO2(700  A)/Si.  A  magnetic  field  of  approximately  150  Oe 
applied  during  deposition  resulted  in  a  weak  uniaxial  anisot¬ 
ropy  field  of  2-3  Oe  with  significant  dispersion.  After  depo¬ 
sition,  the  samples  were  broken  into  strips  approximately  8 
mm  X  1.5  mm  and  annealed  at  atmospheric  pressure  in  a  mix¬ 
ture  of  5%  H2  and  95%  Ar  in  a  rapid  thermal  proce'sing 
oven  at  a  variety  of  temperatures  for  10  min.  Magnetoresis¬ 
tance  measurements  were  performed  with  a  four-point,  in¬ 
line  geometry  of  the  contacts,  with  the  magnetic  field  applied 
parallel  to  the  plane  of  the  sample  and  either  perpendicular  or 
parallel  to  the  current  direction.  In  the  figures  that  follow,  all 
measurements  were  made  at  room  temperature,  with  the  ap¬ 
plied  field  in  the  easy  axis  direction.  Similar  results  have 
been  obtained  on  samples  with  no  significant  uniaxial  anisot¬ 
ropy  deposited  in  the  absence  of  an  applied  field. 

As  shown  in  Fig.  1,  GMR  develops  after  annealing  to 
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FIG.  1.  SR/R,  vs  H  for  a  sample  Ta(100  A)/Ag(20  A)/[NiFe(20  A)/Ag(40 
A)]4/NiFe{20  A)/Ag(20  A)m(40  A)/SiO2(700  A)/Si.  The  field  is  in  the 
plane  of  the  sample  and  perpendicular  to  the  current.  Arrows  indicate  the 
ramping  direction  of  the  field.  Unannealed  samples  show  only  a  small  AMR 
effect,  but  for  annealing  temperatures  above  300  °C,  a  large  GMR  effect  is 
evident.  Large  sensitivities  of  order  0.8%/Oe  are  achieved  in  the  sample 
annealed  at  315  °C  (inset). 
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FIG.  2.  The  amplitude  M/ff,  versus  annealing  temperature  for  samples 
Ta(100  A)/Ag{*/2)/[NiFe(20  A)/Ag(;r)VNiFe(20  A)/Ag(x/2)/Ta(40  A)/ 
SiO2(700  A)/Si,  where  jc=20,  25,  30,  35,  and  40  A.  Unannealed  samples 
(not  shown)  exhibit  no  GMR.  Samples  with  thinner  Ag  spacers  show  sys¬ 
tematically  smaller  iJi/R, . 


achieve  magnitudes  of  typically  /!Ji/R^=4%-6%  for  a 
sample  with  five  NiFe  layers,  where  iiR=R-R^  and  R^  are 
the  change  in  resistance  and  the  resistance  at  saturation,  re¬ 
spectively.  The  resistance  of  the  as-deposited  sample  drops 
about  15%  after  annealing  at  any  temperature  in  the  300  “C- 
400  “C  range.  Thus,  changes  in  A/?  dominate  the  variation  in 
£Ui/R,  with  tuinealing  temperature.  A  difference  in  the  mag¬ 
nitudes  of  the  GMR  for  fields  applied  parallel  and  perpen¬ 
dicular  to  the  current  direction  indicates  a  persistent  aniso- 
tropi)  magnett  resistance  effect  (AMR)  of  magnitude  0.3%- 
0.5%  in  both  the  unannealed  and  annealed  samples.  As  the 
anneal  temperature  increases,  the  width  and  hysteresis  of 
AR/Rj  versus  the  applied  field  H  increase.  We  find  a  maxi¬ 
mum  AR/R,=5.34%  after  an  anneal  at  335  "C,  w'th  a  full 
width  at  half-maximum  (FWHM)  of  22  Oe,  but  the  sample 
annealed  at  315  °C  shows  the  largest  change  in  resistance  per 
unit  field,  AR/R,/FWHM=4%/5  Oe=0.8%/Oe.  As  we  have 
previously  discussed,'  the  magnetoresistance  becomes  larger 
when  the  ratio  of  the  magnetization  remanence  to  that  at 
saturation  MflM^  becomes  smaller,  suggesting  that  ease  of 
demagnetization  plays  an  important  role  in  determining 
MIR,. 

In  Fig.  2,  we  show  the  dependence  of  the  peak  values  of 
M/R,  versus  annealing  temperature  for  a  series  if  five-layer 
samples  NiFe(20  A)/Ag(y),  where  .v=20,  25,  30  35,  and  40 
A.  The  dependence  of  the  magnetoresistance  on  the  applied 
magnetic  field  and  its  change  with  annealing  temperature  is 
qualitatively  similar  to  that  shown  in  Fig.  1  for  all  of  these 
samples.  In  particular,  none  of  the  samples  shows  GMR  prior 
to  annealing,  and  all  exhibit  peaks  in  the  magnitude  of  the 
GMR  after  annealing  at  temperatures  in  the  range  335  "C- 
345  °C  and  peaks  in  sensitivity  (i.e.,  the  maximum  change  in 
AR/Rj  per  unit  field)  after  annealing  in  the  range  315  ’’C- 
325  °C.  On  the  other  hand,  as  the  Ag  spacer  thickness  de¬ 
creases  we  see  a  gradual  deterioration  of  GMR,  such  that 
AR/Rj  and  the  sensitivity  decrease  while  the  hysteresis  in¬ 
creases.  At  spacer  thicknesses  of  10  A,  we  observe  no  GMR 


FIG.  3.  The  amplitude  of  AR/R,  versus  annealing  temperature  for  samples 
of  the  type  Ta(100  A)/Ag(20  A)/[NiFe(20  A)/Ag(40  A)l,.,/NiFe(20  A)/ 
Ag(20  A)/Ta(40  A)/SiO2(700  A)/Si  prepared  with  different  sputtering  pres¬ 
sures  and  deposition  temperatures;  (a)  3  mTorr,  25  °C,  (b)  NiFe  layers  at  25 
mTorr,  Ag  layers  at  3  mTorr,  25  °C,  (c)  25  mTorr,  25  °C,  and  (d)  3  mTorr, 
100  °C. 


before  or  after  annealing.  We  point  out  that  there  is  no  evi¬ 
dence  of  oscillations  in  the  magnitude  of  the  magnetoresis¬ 
tance  with  changing  Ag  spacer  thickness,  contrary  to  what 
has  been  observed  in  many  other  transition  metni  multilayer 
systems.'^ 

The  changes  that  we  observe  in  the  GMR  with  change  in 
Ag  spacer  thickness  and  annealing  temperature  may  be  the 
result  of  several  competing  interlayer  interactions:  (i)  ferro¬ 
magnetic  exchange  interaction  mediated  by  the  Ag  spacer; 
(ii)  ferromagnetic  bridges  or  “pinholes”  through  the  Ag 
spacer;  and  (iii)  magnetostatic  interactions  caused  by  the 
breakup  of  the  magnetic  layers  that  promote  an  “artificial” 
antiferromagnetic  state  (i.e.,  antiparallel  alignment  of  the 
i..oments  in  adjacent  layers).  Interactions  (i)  and  (ii)  inhibit 
GMR,  while  interaction  (iii)  promotes  it.  A  breakup  of  the 
magnetic  layers  in  a  columnar  microstructure  serves  to  break 
the  ferromagnetic  order  favored  by  (i)  and  (ii)  in  two  ways: 
by  providing  an  antiparallel  interlayer  coupling  mechanism 
and  by  isolating  regions  dominated  by  pinholes.  A  possible 
explanation  of  the  observed  deterioration  of  the  GMR  with 
decreasing  spacer  thickness  is  that  samples  with  thinner 
spacer  layers  have  a  greater  density  of  ferromagnetic  bridges, 
and  that  samples  with  spacers  as  thin  as  10  A  are  completely 
ferromagnetically  coupled  due  to  a  very  large  density  of  pin¬ 
holes.  Others  have  made  similar  conclusions  in  NiFe/Ag 
multilayers  with  thin  Ag  spacers.''*’'^  As  the  annealing  tem¬ 
perature  increases,  the  pinhole  density  may  increase  and  de¬ 
grade  the  GMR,  consistent  with  the  results  of  Figs.  1  and  2. 
We  also  point  out  that  magnetostatic  interactions  are  very 
tong  range,  and  would  not  be  expected  to  oscillate  with  layer 
thickness,  consistent  with  our  observations. 

We  now  examine  the  effect  of  variations  of  the  sputter¬ 
ing  process  parameters  in  an  effort  to  influence  the  structure 
of  the  films  and  to  determine  its  effect  on  the  GMR.  In  Fig. 
3,  we  show  the  change  in  amplitude  of  M/R,  versus  anneal¬ 
ing  temperature  for  several  samples  of  [NiFe(20  A)/Ag(40 
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A)]s  deposited  at  a  variety  of  temperatures  and  pressures. 
Samples  A  and  D,  deposited  at  3  mTorr  and  25  °C  and 
100  °C,  respectively,  show  a  very  different  evolution  of  the 
magnetoresistance  with  annealing  temperature.  In  p,.rticular, 
ti.“.  sample  deposited  at  low  temperature  shows  a  consider¬ 
ably  larger  appearing  at  much  lower  annealing  tem¬ 
perature.  A  possible  explanation  for  this  observation  is  that 
the  Ag  layers  in  the  sample  deposited  at  100  °C  are  more 
discontinuous  due  to  increased  Ag  mobility  on  the  sample 
surface  during  deposition.  If  so,  then  it  is  reasonable  to  ex¬ 
pect  a  greater  degree  of  NiFe  bridging  in  the  100  °C  sample, 
which  would  then  require  a  greater  degree  of  breakup  of  the 
NiFe  (i.e.,  a  higher  annealing  temperature)  to  effectively  iso¬ 
late  the  bridged  regions  and/or  overcome  the  associated  fer- 
romapetic  interlayer  coupling.  A  similar  explananation  can 
be  offered  to  explain  the  difference  between  samples  A  and 
C,  both  sputtered  at  25  °C,  but  at  pressures  of  3  and  25 
mTorr,  respectively.  The  sample  sputtered  at  high  pressure 
shows  a  uniformly  smaller  amplitude  of  again,  sug¬ 
gesting  a  greater  degree  of  interlayer  ferromapetic  interac¬ 
tion.  As  high  sputtering  pressures  are  well  known  to  produce 
more  voided  grain  boundaries,*^  peater  bridging  of  the  NiFe 
through  the  Ag  might  be  expected.  Sample  B  was  prepared 
by  alternately  sputtering  the  NiFe  layers  at  25  mTorr  and  Ag 
layers  at  3  mTorr.  Interestingly,  this  sample  shows  a  larger 
amplitude  of  AR/R^  at  lower  annealing  temperatures  than 
any  of  the  other  samples.  The  alternation  of  the  sputtering 
pressure  was  an  effort  to  create  porous  NiFe  layers  separated 
by  continuous  Ag  layers,  thereby  enhancing  the  breakup  of 
the  NiFe  layers  while  preventing  bridging  of  the  Ag  layers. 
The  data  presented  in  Fig.  3  indeed  suggest  that  it  is  exactly 
this  structure  that  is  desired  to  produce  large  AR/R^ . 

In  Fig.  4  we  show  AR/R^  vs  H  at  the  annealing  tempera¬ 
ture  yielding  the  largest  amplitude  of  AR/R,  for  each  of  the 
same  samples  in  Fig.  3.  Samples  with  smaller  AR/R^  also 
show  considerably  peater  hysteresis  and  characteristic 
fields.  This  trend  is  generally  true  in  all  the  NiFe/Ag 
multilayer  samples  that  we  have  examined,  and  is  also  evi¬ 
dent  in  Fig.  1  for  annealing  temperatures  higher  than  that 
which  produces  the  peak  amplitude  of  AR/R, .  The  hyster¬ 
esis  evident  in  these  annealed  multilayers  may  be  the  result 
of  excessive  breakup  of  the  NiFe  layers  and  bridging  of  the 
Ag  spacer  layers.  We  conclude  that  the  ideal  structure  would 
have  continuous  Ag  layers  and  NiFe  layers  that  are  not  too 
severly  disrupted.  By  carefully  controlling  the  deposition  and 
annealing  parameters,  structures  such  as  these  may  not  only 
yield  very  large  AR/R,  at  small  fields,  but  also  a  nonhyster- 
etic  response. 

Finally,  we  comment  on  the  role  of  the  Ta  and  Ag  layers 
that  sandwich  the  NiFe/Ag  multilayer.  The  Ta  underlayer 
was  found  to  provide  an  enhanced  (111)  orientation  of  the 
multilayer  and  greatly  improved  the  quality  and  reproducibil¬ 
ity  of  the  GMR  effect.  Ta  underlayer  thicknesses  in  the  range 
40-160  A  were  found  to  have  a  roughly  comparable  effect. 
Samples  with  Cr,  Y,  or  no  underlayer  showed  a  generally 
poorer  quality  GMR  and  reduced  (111)  orientation.  For 
samples  without  Ta  overlayers,  Ag  was  seen  to  agglomerate 
on  the  sample  surface  after  annealing,  which  we  have  also 
observed  in  annealed  NiFeAg  alloys  exhibiting  GMR.*’  The 


FIG.  4.  A/t/Zt,  vs  H  for  the  same  samples  shown  in  Fig.  3  at  annealing 
temperatures  of  (a)  320  “C,  (b)  300  °C,  (c)  310  °C,  and  (d)  365  °C.  Curves 
are  offset  along  the  vertical  axis  for  clarity. 


Ta  overlayer  prevents  this  agglomeration,  as  well  as  provid¬ 
ing  a  thin  passivating  oxide  on  its  surface.  Better  reproduc¬ 
ibility  and  higher  quality  GMR  is  also  obtained  on  samples 
that  include  Ag  layers  below  the  bottom  NiFe  layer  and 
above  the  top  NiFe  layer.  In  these  structures  each  NiFe  layer 
is  sandwiched  between  Ag  layers,  which  may  promote  a 
more  uniform  breakup  of  the  magnetic  layers  by  annealing. 
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Epitaxial  spin-valve  structures  for  ultra-low-field  detection 
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A  new  epitaxial  “spin-valve”-type  system  for  low-field  magnetoresistive  detection  is  described. 
This  system  is  based  on  Fe/Pd  epitaxial  multilayers  grown  on  {100)MgO  by  MBE.  These  films  show 
a  very  abrupt  transition  from  positive  to  negative  magnetization  as  the  reverse  field  is  applied  during 
hysteresis  measurements.  We  have  used  these  sensitive  magnetic  properties  to  fabricate  epitaxial 
spin-valve  structures  by  epitaxial  growth  of  Fe/Ag,  Co/Ag,  or  Co/Cu  bilayers  on  top  of  a  Fe/Pd 
bilayer.  Hysteresis  loups  and  magnetoresistance  curves  clearly  indicate  a  significant  field  range  with 
antiparallel  alignment  of  the  two  components.  Magnetoresistive  sensitivities  of  up  to  0.3%  per  Oe 
at  low  temperatures  have  been  observed  in  these  structures.  The  efficiency  of  the  spin-dependent 
scattering  has  subsequently  been  improved  either  through  the  addition  of  planar  Co  impurities,  in 
both  the  soft  and  hard  magnetic  layer,  or  by  increasing  the  number  of  active  Fe/Pd  interfaces.  This 
approach  leads  to  a  drastic  improvement  of  the  sensitivity,  up  to  1.5%  per  Oersted  at  room 
temperature. 


Sensitive  magnetic  field  sensors,  based  on  the  magne¬ 
toresistive  effect,  require  a  large  magnetoresistivity  at  low 
fields.  The  discovery  of  giant  magnetoresistance  (GMR)  in 
antiferromagnetically  exchange-coupled  multilayers  has 
opened  new  avenues  for  these  applications.'  The  principal 
problem  with  coupled  GMR  systems  is  related  to  the  mag¬ 
netic  field  range  of  the  effect,  which  is  usually  of  1  kOe  or 
more.  To  decrease  the  field  scale  of  GMR,  the  most  promis¬ 
ing  approach  is  based  on  achieving  antiparallel  alignment 
without  antiferromagnetic  exchange  coupling.  This  can  be 
obtained  by  selective  rotation  of  the  magnetic  layers,  using 
various  types  of  layers  with  different  magnetic  properties. 
For  example,  a  magnetic  multilayer  can  be  grown  using  al¬ 
ternatively  magnetically  hard  and  magnetically  soft  layers.^ 
Another  method  is  to  block  one  of  the  magnetic  layers 
through  an  exchange  coupling  with  an  antiferromagnetic 
material.^  In  practice,  permalloy  (Ni79Fe2i)  is  often  used  as 
the  soft  material,  and  the  growth  of  such  materials  is  usually 
done  by  sputtering  and  leads  to  a  polycrystalline  structure. 
These  systems,  often  referred  to  as  a  “spin-valve”  structures, 
have  led  to  sensitivities  higher  than  1%  per  Oersted''  at  room 
temperature.  Here  we  propose  an  alternative  system,  which 
makes  use  of  the  sensitive  magnetic  properties  of  epitaxial 
Fe/Pd  bilayers  grown  by  molecular  beam  epitaxy  (MBE).  In 
epitaxial  Fe/Pd  superlattices,  complete  rotation  of  the  mag¬ 
netization  of  Fe  occurs  on  very  small  magnetic  field  scales 
{=«1  Oe).  By  combining  a  Fe/Pd  bilayer  with  other  epitaxial 
bilayers  such  as  Fe/Ag  or  Co/Cu  in  a  “spin-valve”  structure, 
we  have  obtained  highly  field-sensitive  epitaxial  multilayers. 

The  present  samples  were  grown  in  the  same  manner  as 
the  (100)Fe/Pd  epitaxial  multilayers  studied  previously.*"’ 
Briefly,  we  used  1  cmXl  cm  (lOO)MgO  substrates,  annealed 
in  UHV  for  30  min  at  450  °C  immediately  prior  to  deposi¬ 
tion.  Fe  grows  very  well  on  (lOO)MgO,  without  any  kind  of 
buffer  layer.  A  substrate  temperature  of  T s®=80  °C  was  cho¬ 
sen  to  yield  the  best  structural  properties,  as  determined  by 
low-  and  high-angle  x-ray  diffraction  and  cross-sectional 
transmission  electron  microscopy.’  Measurements  of  the 


magnetic  properties  of  Fe/Pd  superlattices  show  narrow  hys¬ 
teresis  loops  at  all  temperatures.*'*  Although  the  value  of  the 
coercive  field  depends  on  the  growth  parameters  such  as 
temperature  and  deposition  rate,  and  also  on  the  thicknesses 
of  the  individual  layers,  it  never  exceeds  20  Oe  at  15  K,  and 
5  Oe  at  300  K.  The  Fe  layers  are  ferromagnetically  coupled 
to  each  other*  for  Pd  thicknesses  as  high  as  40  A.  Most 
importantly,  we  observe  a  very  abrupt  transition  from  posi¬ 
tive  to  negative  magnetization  as  the  reverse  field  is  applied, 
with  a  transition  width  between  1  and  3  Oe.  Measurements 
of  the  absolute  magnetization  using  wedge-shaped  Pd  layers 
have  provided  evidence  of  a  strong  polarization  of  the  Fe/Pd 
interface,’  and  we  have  determined  that  the  presence  of  this 
polarized  interface  is  directly  responsible  for  the  low  coer¬ 
cive  fields.** 

Following  these  results,  we  have  used  epitaxial  Fe/Pd 
bilayers  to  develop  new  types  of  epitaxir'  “spin-/alve” 
systems.®  For  example,  we  have  deposited  by  MBE  an  Ag/ 
Fe/Ag  trilayer  (//c®“100  Oe)  on  top  of  a  Fe/Pd  bilayer  (He 
^20  Oe),  resulting  in  a  compound  structure  of 
Fe(2o  A/Pd,3o  A/Ag(3o  A/Fe(2o  A/Ag^o  A)-  RHEED  patterns 
obtained  during  deposition  indicate  a  fully  e  .itaxial  growth 
for  the  entire  structure.  The  hysteresis  loop  of  this  structure 
[Fig.  1(b)]  is  essentially  the  sum  of  the  two  hysteresis  loops 
obtained  for  separate  Fe(2o  A/Pd(3o  A)  and  Fe(2o  A/Ag(3o  A) 
bilayers  [Fig.  1(a)].  Thus,  the  two  Fe  layers  in  the  structure 
are  uncoupled,  structurally  as  well  as  magnetically,  by  the 
Fd(3o  A/Ag{3o  A)  interlayer.  Antiparallel  alignment  of  the  two 
Fe  layers  is  therefore  achieved  after  reversal  of  the  first  Fe 
layer.  Similar  results  are  obtained  as  we  replace  Ag  by  Cu, 
and/or  the  second  Fe  layer  by  Co,  which  is  a  magnetically 
harder  material.  It  is  worth  noting  that  although  the  growth 
proceeds  epitaxially  throughout  the  structure,  RHEED  pat¬ 
terns  indicate  a  degradation  of  the  layer  flatness  after  the 
second  bilayer  system  (i.e.,  Fe/Ag  or  Co/Cu)  has  been  de¬ 
posited.  Therefore,  it  is  not  possible  to  repeat  the  layer  se¬ 
quence  to  form  a  thicker  multilayer,  since  the  subsequent 
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FIG.  1.  Magnetic  hysteresis  loops  at  7"=  15  K  of  (a)  a  Fe,2o  A) 

bilayer  (filled  circles)  and  a  Fe(2o  A/Ag(3o  A)  bilayer  (open  circles),  and  (b)  a 
FC(20  A)/Pd,3o  A)/Ag(jo  A/Fe(2o  A)/Ag(3o  A)  structure. 

Fe/Pd  bilaycrr,  would  not  retain  the  required  soft  magnetic 
properties. 

The  magnetoresistive  (MR)  response  is  shown  in  Fig.  2 
for  the  Fe/Pd/Ag/Fe/Ag  structure.  The  rotation  of  the  mag¬ 
netization  in  the  first  Fe  layer,  at  low  fields,  induces  an 
abrupt  increase  of  the  resistivity  when  antiparallel  alignment 
is  achieved,  as  is  seen  in  many  other  multilayer-based  GMR 
systems.  The  maximum  MR  response  at  4.2  K  is  0.8%  for 
Fe/Ag  bilayers,  0.5%  for  Co/Ag  bllayers,  and  1.5%  for 
Co/Cu  bilayers  (also  shown  in  Fig.  2),  each  epitaxially 
grown  on  a  Fe/Pd  bilayer.  The  magnitude  of  the  MR  effect 
originates  in  the  strength  of  the  spin-dependent  impurity 
scattering  that  occurs  near  the  magnetic  interfaces.*  Although 


FIG.  2.  Magnetoresislance  as  a  function  of  applied  magnetic  field  at  r=4.2 
K  for  Fe,2o  A/Pd(30  A/Ag(3o  K^^io  A/Ag(3o  A)  and  Fe,2o  kj 

Cu(3o  a/Cu,3o  A)/Co,2o  a/Cu(30  A)  epitaxial  structures. 
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FIG.  3.  Magnetic  hysteresis  loop  at  r=300  K  of  a 
(Fe,2o  A)/C0(4  A)/Pd,jo  A)]/ICu,3o  A)/CO(a)  A)/Cu,3i,  A)]  structure.  Inset:  cor¬ 
responding  magnetoresistive  response  (shown  for  an  increasing  mag¬ 
netic  field). 

small  total  magnetoresistance  changes  are  observed,  our  in¬ 
terest  lies  in  the  small  field  scales  (a  few  Oe)  over  which  the 
MR  increase  is  observed  (up  to  0.3%  per  Oe).  At  300  K,  the 
magnetoresistive  effect  is  strongly  decreased.  For  example,  a 
value  between  0.2%  and  0.3%  is  observed  for  the  Fe/Pd/Cu/ 
Co/Cu  structure  above,  depending  on  the  precise  value  of 
individual  layer  thicknesses.  Several  factors  contribute  in 
limiting  the  maximum  MR  effect  observed.  First,  the  total 
thickness  of  the  structure  is  on  the  order  of  the  electronic 
mean-free  path,  therefore  the  efficiency  of  scattering  within 
the  structure  is  reduced.  Second,  unlike  the  case  of 
exchange-coupled  MM.M’s,  “spin-valve”  structures  rely  on 
spin-dependent  scattering  from  different  systems.  Hence,  in 
our  multilayers,  strong  spin-dependent  scattering  must  occur 
both  within  the  Fe/Pd  layers  and  within  the  other  magnetic 
layers  in  order  to  achieve  the  maximum  MR  effect.  Unlike 
the  Co/Cu  interface,  which  is  well  known  to  exhibit  strongly 
spin-dependent  electron  scattering  (a=p1/p|'^l),  th"  '"e/Pd 
interface  is  not  expected  to  be  particularly  favorable.  None¬ 
theless,  because  the  field  scales  over  which  this  MR  is  ob¬ 
served  is  actually  smaller  at  room  temperature  than  at  4.2  K, 
sensitivities  close  to  0.15%  per  Oe  have  still  been  observed 
at  300  K. 

We  have  checked  several  ways  to  increase  the  magne¬ 
toresistive  response  of  these  structures.  In  particular,  we  have 
tried  to  increase  the  spin-dependent  scattering  within  the 
Fe/Pd  layers.  In  a  first  approach,  we  have  introduced  ultra- 
thin  layers  of  impurities  (Cr,  Cu,  or  Co)  in  the  Fe  layer. 
Whereas  3  A  of  Cr  in  the  Fe  layer  drastically  increases  the 
coercive  field,  no  such  adverse  effect  on  the  magnetic 
properties  was  observed  with  the  use  of  Cu  or  Co  impurity 
layers,  while  the  magnetoresistive  effect  is  significantly 
increased.  For  example,  the  introduction  of  a  4  A-thick  layer 
of  Co  in  a  [Fe(2o  A)/Pd(30  Ai]/[CU{3o  A/CO(2o  a/Cu(3o  A)] 
structure  leads  to  A/?//?  between  0.7%  and  0.8%  (a  factor  of 
2  increase).  Surprisingly,  the  effect  does  not  depend  on  the 
precise  position  of  the  Co  layer,  i.e.,  whether  it  is  placed 
at  the  Fe/Pd  interface  (shown  in  Fig.  3)  or  5  A  be¬ 
low  the  interface.  The  addition  of  a  second  Co  layer,  result¬ 
ing  in  a  [Fe(8  A)/C0(4  A/Fe(8  A)/C0(4  A)/Fe(8  A)/Pd(3o  A)]/ 


7062  J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Schuhl  et  al. 


3 


I-'  '  I  I  I  .  I  ■  1  IT-fl  I  .  .  I  .  I  I  I  I  M  I  q 


r.  1  .  I  I  I  I  I  I  I  t  I  I  I  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  1  iH 

■°-^-40  -30  -20  -10  0  10  20  30 


H(Oe) 

FIG.  4.  Magnetoresistive  response  at  r=300  K  of  a 
[{Fe/Pd)3/Pd]/[Cu/(CuCo)3/Cu]  structure.  Inset:  schematic  drawing  of  the 
multilayer  structure. 


[Cu(3o  a/CO(2o  a/Cu(3o  A)]  structure,  does  not  increase  the 
magnetoresistance. 

In  a  second  approach,  we  have  simply  increased  the 
number  of  Fe/Pd  interfaces  by  replacing  the  Fe/Pd  layer  with 
a  Fe/Pd  multilayer.  A  series  of  samples  was  grown  with  dif¬ 
ferent  numbers  of  Fe/Pd  bilayers.  It  is  not  trivial  to  determine 
precisely  the  role  of  the  additional  Fe/Pd  interfaces  in  these 
samples,  because  the  quality  of  the  growth  in  the  entire  struc¬ 
ture  may  be  affected  by  the  respective  thicknesses  of  the  first 
few  layers.  Moreover,  in  order  to  compaio  the  magnitudes  of 
the  magnetoresistive  responses,  we  must  be  sure  that  the 
other  parameters,  such  as  the  structure  of  the  nonmagnetic 
Pd/Cu  layer  or  the  quality  of  the  Cu/Co  interface,  are  iden¬ 
tical  in  each  case.  Nevertheless,  the  observed  results 
are  quite  spectacular,  regardless  of  the  small  structural 
differences  that  may  exist.  Here  we  present  out  results 
obtained  for  a  series  of  samples  of  the  form 
[Fe/(Fe/^d)„/Pd]/[Cu/(Cu/Co)3/Cu],  with  «  =  1,2,3,  or  more. 
One  should  note  that  in  this  structure  the  soft  magnetic  layer 
is  formed  by  a  Fe/Pd  multilayer,  and  the  hard  layer  by  a 
Co/Cu  multilayer.  It  has  been  chosen  because  it  presents  a 
good  contrast  between  the  two  coercive  fields.  For «  =  1 ,  as 
di.scussed  above,  we  always  observed  a  value  of  AR/R 
around  0.4%.  This  value  increases  notably  for  rt=2  (i.e., 
three  Fe/Pd  interfaces)  with  A/?//? =0.8%,  and  up  to  AR/R 
=  1.5%  for  n  =  3.  For  a  higher  number  of  interfaces  the 
effect  appears  to  saturate.  In  Fig.  4  we  show  the  best  mag¬ 
netoresistance  curve  obtained  at  7=300  K  for  a 
[Fe/(Fe/Pd)3/Pd]/[t^u/(Cu/Co)3/Cu]  structure  grown  directly 
on  (lOO)MgO.  The  2%  amplitude  leads  to  a  slope  at  low 
fields  close  to  1.5%  per  Oe. 

To  verify  that  the  change  of  AR/R  was,  in  fact,  due  to 


the  increasing  number  of  the  Fe/Pd  interfaces,  and  not  sim¬ 
ply  to  the  increase  in  the  total  Fe  thickness,  we  have  also 
studied  a  structure  with  a  wedge-shaped  Fe  layer.  The  struc¬ 
ture  is  [Fe/Pd(5o  A)/Fe(wedge  20-70  A)/Pd][Cu/(Cu/Co)3/Cu].  The 
first  Pd  layer  is  made  thick,  to  ensure  that  the  first  Fe/Pd 
interface  will  not  participate  in  the  spin-valve  magnetoresis¬ 
tive  effect.  The  result  is  that  we  do  not  observe  any  increase 
of  AR/R  with  increasing  total  Fe  thickness.  On  the  contrary, 
the  effect  decreases  slowly  with  a  downward  step  at  about  45 
A,  which  may  be  due  to  a  structural  change  of  the  Fe  layer  at 
these  large  thicknesses.  The  lack  of  increase  in  AR/R  shows 
clearly  that  the  varying  thickness  of  the  Fe  layer  does  not 
significantly  modify  the  magnetoresistance,  and  that  the  ef¬ 
fect  described  above  can  be  attributed  principally  to  the  in¬ 
creasing  number  of  Fe/Pd  interfaces. 

In  conclusion,  we  have  used  the  soft  magnetic  properties 
of  epitaxial  Fe/Pd  bilayers  grown  on  MgO  to  fabricate  epi¬ 
taxial  “spin-valve”  structures,  which  display  sensitive  mag¬ 
netoresistive  responses  to  low  fields.  Hysteresis  loops  and 
magnetoresistance  curves  of  the  “spin-valve”  structures  ob¬ 
tained  by  epitaxial  growth  of  Fe/Ag,  Co/Ag,  or  Co/Cu  bilay¬ 
ers  on  top  of  a  Fe/Pd  bilayer,  clearly  indicate  the  successive 
rotation  of  the  two  separate  magnetic  components.  Magne¬ 
toresistive  sensitivities  of  up  to  0.3%  per  Oe  have  been  ob¬ 
tained  at  4.2  K.  By  increasing  the  number  of  active  Fe/Pd 
layers,  we  have  notably  increased  the  magnetoresistive  effect 
of  the  structures,  and  obtained  sensitivities  of  up  to  1.5%  per 
Oe  at  300  K. 
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We  have  investigated  giant  magnetoresistance  (GMR)  in  Ni^Co,oo_^/Cu  multilayers  for  x  in  the 
range  20-100.  The  GMR  at  room  temperature  is  greater  than  12%  for  magnetic  alloys  with  x  near 
80,  where  the  magnetocrystalline  anisotropy  is  small.  The  smallest  saturation  fields  are  found  near 
a: =60  in  the  region  where  the  magnetostriction  vanishes.  This  combination  of  large  GMR  and  small 
saturation  field  results  in  large  MR  field  sensitivities  up  to  0.16%/Oe  at  room  temperature.  In  order 
to  maximize  these  parameters,  we  have  also  studied  the  dependence  of  the  MR  on  the  magnetic 
layer  thickness  and  the  number  of  bilayers. 


I.  INTRODUCTION 

Giant  magnetoresistance  (GMR)  in  metallic  multilayers 
composed  of  alternating  magnetic  and  nonmagnetic  layers 
has  been  extensively  studied  in  a  variety  of  layered  magnetic 
transition  metal  and  alloy  systems.  Among  them,  Cu-based 
multilayers  such  as  Co/Cu,'  Fe/Cu,^  and  Ni(Fe,Co)/Cu,^’'' 
which  exhibit  GMR  at  room  temperature  and  an  oscillatory 
exchange  coupling,  are  important,  both  for  a  fundamental 
understanding  of  the  effect  as  well  as  for  its  technological 
application.  It  is  now  generally  agreed  that  GMR  is  associ¬ 
ated  with  the  reorientation  of  the  magnetic  moments  in  adja¬ 
cent  magnetic  layers,  and  has  been  interpreted  on  the  basis  of 
spin-dependent  electron  scattering.^  A  large  number  of  stud¬ 
ies  have  sought  ways  to  increase  the  magnitude  of  the  GMR. 
As  a  potential  candidate  for  magnetic  sensors  however,  a 
practical  requirement  along  with  large  MR  is  high  magnetic- 
field  sensitivity,  namely  an  appreciable  resistance  change 
upon  the  application  of  a  small  magnetic  field. 

Ni8oCo2o/Cu  multilayers  have  shown  GMR  and  a  well- 
defined  oscillation  in  the  MR  as  a  function  of  the  Cu  spacer 
thickness  at  room  temperature.  Small  saturation  fields  have 
also  been  observed  for  Cu  thicknesses  tcu  n®2r  20  A,  corre¬ 
sponding  to  the  second  peak  of  the  oscillation  in  MR.^  In  this 
paper,  we  report  the  composition  dependence  of  MR  and  the 
magnetic  properties  of  Ni^Coioo-j^/Cu  multilayers  for  x  in 
the  range  20-100  and  for  Iq,  rround  20  A.  In  addition,  we 
have  systematically  varied  the  multilayer  configuration,  spe¬ 
cifically  the  magnetic  layer  thidmess  and  the  number  of  bi¬ 
layers,  in  order  to  maximize  the  magnetic  field  sensitivity. 
Throughout  the  paper,  we  emphasize  the  importance  of  the 
magnetocrystalline  anisotropy  and  magnetostriction  in  this 
magnetically  soft  multilayer  system. 

II.  EXPERIMENTAL  DETAILS 

Multilayers  with  structure  NiCoSO  A/[Ni;(Coioo-x/ 
Cu]X30  with  /cu~20  A  and  a  series  of  NigoCo2o/Cu  samples 
with  the  number  of  bilayers  (from  8  up  to  100)  were  pre¬ 


pared  by  DC  magnetron  sputtering  from  separate  targets  of 
the  appropriate  Ni^-Coioo-x  alloy  and  Cu  onto  oxidized  Si 
wafers  at  room  temperature.  50  A  Ni8oCo2o  buffer  layer  was 
deposited  between  Si  and  multilayers  for  all  the  samples 
studied  here.  The  base  pressure  in  the  deposition  chamber 
before  sputtering  was  less  than  2X10“’  Torr.  With  a  sputter¬ 
ing  pressure  of  8  mTorr  of  argon,  the  deposition  rates  (deter¬ 
mined  from  the  measured  thicknesses  of  single  films  by  low 
angle  x-ray  reflectivity  measurements)  were  1.5  A/s  for 
Ni^tCojoo-x  and  1.6  A/s  for  Cu.  The  structural  characteriza¬ 
tion  of  the  samples  was  performed  by  low  and  high  angle 
x-ray  diffraction  using  Cu-Zf^  radiation.’  The  low  angle 
x-ray  reflectivity  spectra  reveal  sharp  superlattice  peaks  for 
all  the  samples  studied  here,  indicating  a  well-defined  com¬ 
positional  modulation  along  the  growth  direction.  High  angle 
x-ray  diffraction  data  show  that  the  films  have  coherent  in¬ 
terfaces  and  textured  polycrystalline  structures  with  the  FCC 
(111)  direction  normal  to  the  film  plane.  The  magnetoresis¬ 
tance  measurements  were  carried  out  with  four-terminal  ge¬ 
ometry  and  a  high-resolution  AC  bridge  at  temperatures  from 
4.2  to  300  K  and  in  magnetic  fields  of  up  to  1.0  T.  Transverse 
MR  is  presented  in  this  paper  for  which  the  magnetic  field 
was  either  in  the  plane  of  the  film  or  perpendicular  to  it.®  The 
room  temperature  magnetization  of  selected  samples  were 
also  measured  using  a  SQUID  magnetometer. 

III.  RESULTS  AND  DISCUSSIONS 

The  saturation  MR  (measured  at  77  and  300  K)  of 
Ni8oCo2o/Cu  multilayers  as  a  function  of  to,  ^NiCo~  15  A 
is  given  in  Fig.  1.  Three  well-defined  peaks  are  found,  with 
an  oscillation  period  and  phase  quite  similar  to  that  found  in 
other  Cu-based  multilayer  systems.  The  fact  that  the  period 
depends  primarily  on  the  Cu  layer  is  consistent  with  an  in¬ 
terpretation  that  the  interlayer  exchange  coupling  depends 
primarily  on  the  electronic  structure  of  the  spacer  material.® 
Of  particular  interest  for  device  applications  is  the  broad  sec¬ 
ond  peak  with  a  maximum  MR  comparable  to  that  of  the  first 
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FIG.  1.  Variation  of  the  saturation  MR  with  Cu  spacer  thickness  /q,  for  a 
series  of  multilayer  samples  with  structure  Si/NigoGijoSO  A(Cu 
Ni*,Co2„15  A]X30 


X 


FIG.  3.  Composition  dependence  of  the  MR  (•),  saturation  field  Hs{0), 
and  MR  field  sensitivity  (■)  in  Si/NigoCojoSO  A[Cu20  A/Ni;,Coioo-il5 
A]x30  multilayers  for  20=Sj:«100. 


peak,  and  small  saturation  fields,  which  range  between  100- 
150  Oe,  depending  on  the  degree  of  the  antiferromagnetic 
coupling  between  the  neighboring  NiCo  layers.  As  a  conse¬ 
quence,  large  MR  field  sensitivities,  up  to  0.12%/Oe,  at  room 
temperature  are  obtained. 

Figure  2  shows  several  room  temperature  MR  curves  of 
Nij(Coioo-jt/Cu  multilayers  with  x=70  and  80  obtained  near 
rQ,=20  A.  These  data  show  a  peak  GMR  between  8%  and 
12%,  significantly  larger  than  the  anisotropy  MR  (AMR)  at 
similar  compositions.  However,  the  satuiation  field  Hs ,  de¬ 
termined  from  these  curves  as  well  as  from  magnetization 
versus  field  measurements  varies  considerably.  For  example, 
Hs  is  between  120  and  200  Oe  for  x=80,  but  is  reduced  to 
60-110  Oe  for  X =70.  Large  Hs  at  fcu=20  A  is  the  result  of 
nearly  ideal  antiferromagnetic  coupling,  as  can  be  inferred 
from  magnetization  curves  and  neu.ron  scattering  data.^° 

In  the  Ni-Co  alloy  system,  the  magnetocrystalline  an¬ 
isotropy  K  vanishes  at  89%  Ni,  while  the  magnetostriction 


H  (Oe)  H  (Ce) 


coefficient  kj  vanishes  at  60%  Ni.‘*  It  is  expecied  that  the 
GMR  and  magnetostriction  will  depend,  in  part,  on  the  com¬ 
petition  between  these  two  effects.  The  composition  depen¬ 
dence  of  the  MR,  Hs ,  and  the  magnetic  field  sensitivity  for 
[Ni^Coioo_,15  AyCu20  A]X30  multilayers  with  20^x^100 
are  shown  in  Fig.  3.  A  broad  maximum  MR  of  12%  is  found 
in  the  range  x =70-80;  a  decrease  of  the  Ni  concentration 
leads  to  a  decrease  in  the  MR,  which  all  but  vanishes  at 
x=20.  In  fact,  the  absence  of  GMR  in  Ni2oCo8o/Cu  multilay¬ 
ers  over  a  wide  range  of  Cu  thickness  (6-24  A),  together 
with  magnetic  measurements,  suggests  no  antiferromagnetic 
coupling  across  the  Cu  spacer  at  this  composition.  The  satu¬ 
ration  field  shows  a  broad  minimum  from  x= 50-70,  where 
the  magnetostriction  is  also  small.  As  clearly  shown  in  Fig. 
3,  the  maximum  sensitivity  appears  at  a  composition  be¬ 
tween  the  maximum  in  the  MR  and  the  minimum  in  the 
saturation  field.  Therefore,  selecting  a  magnetic  component 
with  intrinsically  small  magnetoelastic  parameters  at  a 
weakly  or  partially  coupled  Cki  thickness  region  will  result  in 
a  substantial  GMR  with  low  Hs,  and  hence  a  large  field 
sensitivity. 

The  distinctive  features  of  these  NiCo/C!u  multilayers  are 
the  large  amplitude  and  width  of  the  second  peak  of  the 
oscillation  with  Cu  thickness,  combined  with  the  low  value 
of  saturation  field,  as  illustrated  in  Figs.  1  and  3.  To  deter- 
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FIG.  2.  Magnetoresistance  1^pIp=(Po~Ph)IPh\  vs  the  applied  magnetic  FIG.  4.  Room  temperature  magnetization  vs  the  applied  magnetic  field  for 

field  at  room  temperature  for  (a)  NiggC^lS  A/Cul9  A,  (b)  NijoC^lS  (a)  a  FM  sample  (NigoCo2ol5  A/CulO  A)X30,  and  (b)  an  AF  Sample 

A/Cu20  a,  (c)  NijoCOjolS  A/Cu20  A,  and  (d)  NijoCojolS  A}Cu21  A.  (NigoCo^lS  A/Cu20  A)x30. 
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TABLE  I.  Dependence  of  magnetoresistance  parameters  on  and  bilayer  number  n  of  (a)  (Ni8oCo2o  tN,co 
A/Cu20  A)X30  and  (b)  (NigoCojolS  A/Cu20  A)X«. 


Sample 

(a) 

Ro 

(ri) 

^Rs 

m 

AR/Rj 

{%) 

Hs 

(Oe) 

Sensitivity 

(%/Oe) 

hiCo 

10  A 

4.943 

0.533 

12.089 

210 

0.054 

15  A 

4.799 

0.498 

11.591 

120 

0.120 

20  A 

3.996 

0.278 

7.483 

100 

0.110 

30  A 

3.388 

0.041 

1.206 

80. 

0.016 

(b)  n 

8 

21.205 

1.146 

5.658 

90. 

0.067 

15 

9.279 

0.592 

6.721 

85. 

0.094 

30 

4.769 

0.443 

10.843 

100 

0.112 

45 

3.077 

0.245 

11.509 

105 

0.107 

60 

2.339 

0.236 

12.401 

115 

0.110 

100 

1.538 

0.153 

11.061 

120 

0.089 

mine  the  origin  of  the  GMR  in  these  soft  multilayers,  we 
have  performed  magnetization  measurements  and  small 
angle  neutron  scattering  on  several  samples.  Figure  4  shows 
the  magnetization  versus  held  for  a  NigoCo2o/Cu  multilayer 
at  fcu='20  A;  the  contribution  of  the  50  A  NigoCo2o  buffer 
layer  was  subtracted  from  the  measured  data.  TTiere  is  only 
small  hysteresis  and  remanence  associated  with  the  magne¬ 
tization  curve,  as  also  found  in  the  MR  curves.  For  compari¬ 
son,  we  also  show  a  typical  magnetization  curve  for  a  ferro- 
magnetically  coupled  sample  (/qi^IO  Direct 

confirmation  of  ihe  AF  coupling  for  NiCo/Cu  multilayers 
was  obtained  in  neutron  scattering  experiments  in  an  external 
magnetic  field."’  GMR  and  small  saturation  fields  measured 
in  Ni^Cojoo-jr/Cu  multilayers  for  a:=70-80,  particularly  in 
the  region  near  fcu=20  A,  is  thus  demonstrated  in  a  sample, 
with  weak  AF  coupling  between  magnetic  layers.  The  esti¬ 
mated  strength  of  Af  coupling  in  this  region  is  on  the  order 
of  0.003  erg/cm^.  This  value  is  much  smaller  than  that  found 
in  other  Cu-based  multilayer  systems,  confirming  that  the 
interlayer  coupling  is  indeed  weak. 

We  have  also  studied  the  dependence  of  MR,  Hs ,  and 
the  MR  field  sensitivity  on  the  multilayer  structure,  specifi¬ 
cally  the  magnetic  layer  thickness  and  the  number  of  bilay¬ 
ers,  for  a  series  of  Ni8oCo2(v/Cu  samples.  As  shown  in  Table  I, 
both  MR  and  Hs  progressively  decrease  with  increasing 
^NiCo>  while  the  field  sensitivity  shows  a  maximum  at 
^NiCo“15  A.  It  is  of  interest  to  note  that  the  magnetotransport 
properties  are  strongly  correlated  to  the  number  of  bilayers, 
n.  The  resistance  change  dR  in  a  saturated  magnetic  field  is 
maximum  for  n  less  than  10,  and  monotonically  decreases 
with  increasing  n.  The  sheet  resistance,  however,  decreases 
more  rapidly  as  n  increases  and  approaches  a  saturation 
value  above  «=100.  The  gradual  increase  of  AR/Rs  up  to 
n=60  comes  mainly  from  the  rapid  decrease  of  the  sheet 
resistance.  Structural  studies  by  low  and  high  angle  x-ray 
diffraction  have  demonstrated  that  such  behavior  is  strongly 
related  to  the  multilayer  structure.  As  the  number  of  bilayers 
increases,  the  cumulative  structural  imperfections  such  as  in¬ 
terface  roughness  and  thickness  fluctuations  increase.’^ 
Strain  built  up  at  the  interface  become  significant,  and  are 
reflected  in  the  progressive  increase  of  the  saturation  field  as 
the  bilayer  number  increases. 


IV.  CONCLUSIONS 

Ni;cCoioo-x/Cu  multilayers  offer  a  good  combination  of 
large  GMR  and  low  saturation  field  for  a  Cu  thickness  close 
to  20  A  and  x  in  the  range  60-80.  The  maximum  sensitivity 
occurs  for  x=70,  roughly  midway  between  the  values  for 
which  the  GMR  is  greatest  (x=80)  and  Hs  is  least  (x=60).  It 
is  shown  that  the  GMR  in  multilayers  with  rcu~20  A  is 
related  to  the  antiferromagnetic  coupling,  while  the  absence 
of  GMR  for  alloys  with  x<50  is  most  likely  due  to  the 
effects  of  magnetocrystalline  anisotropy.  The  magnetic  and 
magnetotransport  properties  are  strongly  correlated  with 
structural  parameters,  such  as  the  thickness  of  the  magnetic 
layer  and  the  number  of  bilayer  periods. 
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Hysteresis  reduction  in  NiFeCo/Cu  multilayers  exhibiting  large  low-field 
giant  magnetoresistance 

S.  Hossain  D.  Seale, G.  Qiu,*’^  J.  Jarratt,*"’  J.  A.  Barnard,'^*  H.  Fujiwara,®> 
and  M.  R.  Parker®* 

The  Center  for  Materials  for  Information  Technology,  The  University  of  Alabama,  Tuscaloosa, 

Alabama  35487-0209 

Giant  magnetoresistance  (GMR)  has  been  observed  in  Ni5gFe,6Co,g/Cu  multilayered  uniaxial 
magnetic  thin  films  prepared  by  dc  magnetron  sputtering.  Both  easy  and  hard  axis  loops  saturate  at 
very  low  applied  fields.  The  MR  ratio  reaches  ~80%  of  its  saturation  value  in  less  than  30  Oe.  A 
maximum  MR  ratio  of  ~10%  has  been  observed  in  the  as-deposited  state  in  a  structure  containing 
only  ten  bilayers.  Typical  hysteresis  values  for  magnetoresistance  loops  are  ~4  Oe  in  the 
as-deposited  state.  A  gradual  decrease  of  this  hysteresis  has  been  observed  with  annealing.  An 
increase  in  the  saturation  field  is  also  observed  with  annealing.  Short-term  annealing  increases  the 
magnitude  of  the  magnetoresistance  ratio;  prolonged  annealing  causes  a  decrease.  A  field  sensitivity 
of  about  0.3%  per  Oe  has  been  observed  and  dc  magnetoresistance  minor  loops  exhibit  no 
measurable  decrease  in  sensitivity. 


I.  INTRODUCTION 

Many  attempts  have  been  made  to  produce  multilayer 
structures  with  large  magnetoresistance  ratios,  low  magne¬ 
toresistance  hysteresis,  and  low  magnetostriction.*  Recently, 
we  have  successfully  produced  NiFeCo/Cu  multilayer  GMR 
samples  with  low  hysteresis  and  iow  saturation  fields  in  a 
high  rate  dc  magnetron  sputtering  deposition  system.  Inter¬ 
estingly,  this  system  exhibits  a  nonhysteretic  dc  minor  loop. 
We  confirmed  that  the  hysteresis  in  the  MR  loops  can  be 
substantially  reduced  by  annealing.  There  are,  however, 
some  drawbacks  to  this  post-deposition  annealing  process. 
The  MR  saturation  field  increases  with  annealing,  and  long¬ 
term  annealing  degrades  the  magnitude  of  the  magnetoresis¬ 
tance.  This  effect  has  also  been  observed  by  another  group.^ 
The  hysteretic  behavior,  saturation  field,  and  magnetostric¬ 
tion  in  a  ternary  alloy  system  of  Ni,  Fe,  and  Co  in  multilay¬ 
ered  structure  with  Cu  interlayers  largely  depends  on  the 
ferromagnetic  alloy  composition.  It  also  depends  on  the  in¬ 
ternal  stress.  Relieving  internal  stress  by  annealing  may  play 
a  role  in  hysteresis  reduction.  Saturation  magnetostriction 
numbers  were  measured  for  both  single  layer  NiFeCo  and 
NiFeCo,  multilayered  with  Cu  interlayers.  A  typical  magne¬ 
tostriction  number  is  Xj=- 1.8X10"®.  A  gradual  change  in 
the  MR  magnitude  and  MR  peak  linewidth  was  observed 
with  increasing  Co  in  these  multilayers. 

II.  SAMPLE  PREPARATION  AND  EXPERIMENTAL 
TECHNIQUES 

NiFeCo/Cu  multilayered  uniaxial  magnetic  thin  films 
were  prepared  by  dc  magnetron  sputtering  (Vac-Tec  Model 
250  Sputtering  System)  at  ambient  temperature.  Sputtering 
was  done  at  100  W  power  and  at  an  argon  piessure  of  2 
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mTorr.  A  bias  field  was  applied  during  deposition  to  induce 
uniaxial  anisotropy  by  using  a  permanent  magnet  behind  the 
substrate  holder.  The  field  strength  of  the  magnet  is  —80  Oe. 
Multilayered  and  reference  films  were  grown  on  Corning 
7059  glass  and  on  Si02  coated  [111]  Si  substrates.  Samples 
grown  on  both  glass  and  Si02  coated  substra  3S  exhibit  simi¬ 
lar  properties.  The  composition  of  the  films  was  determined 
by  using  a  JEOL  8600  Electron  Probe  Microanalyser.  Low 
and  high  angle  XRD  scans  were  performed  on  a  Rigaku 
D/Max-2BX  x-ray  diffractometer  with  a  thin  film  attach¬ 
ment.  Magnetic  annealing  was  carried  out  in  flowing  argon 
gas.  An  aligning  field  of  -100  Oe  was  applied  in  the  easy 
direction  during  annealing.  Magnetoresistance  measurements 
were  done  on  an  IBM/Dascon  1  high  resolution  data  acqui¬ 
sition  system  with  a  four-point  linear  probe.  Magnetization 
measurements  were  performed  on  a  Digital  Measurement 
Systems  VSM  Model  880.  All  measurements  were  made  at 
room  temperature. 

III.  SINGLE  COMPOSITION  NleeFeieCOia/Cu 
MULTILAYER  FILMS 

Multilayers  of  Nis^FeisCoig/Cu  with  ten  repeats  exhibit 
large  low  saturation  GMR.  TTie  NisgFeisCojg  layers  were 
—16  A  and  Cu  interlayers  were  -22  A  thick.  The  magne¬ 
toresistance  ratio  measured  at  room  temperature  is  custom¬ 
arily  given  by  dp! p=[p{H)- The  satura¬ 
tion  field  resistance  used  for  this  calculation  was  measured  at 
1000  Oe  applied  field.  Easy  and  hard  axis  magnetoresistance 
loops  saturate  at  very  low  applied  fields,  as  shown  in  Fig. 
1(a).  The  MR  ratio  reaches  —80%  of  its  saturation  value  in 
less  than  30  Oe.  A  maximum  MR  ratio  of  —10%  was  ob¬ 
served  in  the  as-deposited  state  in  a  structure  containing  ten 
bilayers.  We  did  not  observe  any  significant  increase  in  the 
MR  magnitude  with  an  increase  in  number  of  bilayers  (from 
8-14).  Typical  hysteresis  values  for  these  magnetoresistance 
loops  are  significantly  lower  than  that  reported  earlier*  (—4 
Oe  in  the  as-deposited  state).  A  gradual  decrease  of  the  hys¬ 
teresis  of  the  magnetoresistance  loops  is  observed  with  an¬ 
nealing  (both  at  200  °C  and  250  °C)  for  the  hard  axis  mea- 
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FIG.  1.  Magnetoresistance  loops  in  (a)  as-deposited  hard  axis,  and  easy  axis, 
(b)  annealed,  and  (c)  as-deposited  with  dc  MR  minor  loops  (plotted  on  1/2 
MR  loop)  for  NiFeCo/Cu  multilayers. 


FIG.  3.  High  angle  x-ray  diffraction  scans  for  as-deposited,  and  annealed 
NiFeCo/Cu  multilayers. 


surement.  This  decrease  may  be  due  to  the  stress  relief  in  the 
film  caused  by  annealing.  Figure  1(b)  shows  MR  loops  an¬ 
nealed  for  1  h  at  2(X)  °C  and  250  °C.  Direct  current  magne¬ 
toresistance  minor  loops  exhibit  no  measurable  decrease  in 
sensitivity,  as  shown  in  Fig.  1(c).  MR  and  M-H  loops  mea¬ 
sured  after  annealing,  however,  indicate  that  there  is  an  in¬ 
crease  in  the  antiferromagnetic  coupling  strength.  Interdiffu¬ 
sion  of  Cu  and  Ni  with  annealing  can  degrade  the  Cu 
interlayer,  which  results  in  a  decrease  in  pure  Cu  interlayer 
thickness,  but  the  aligning  magnet  helps  preserve  the 
uniaxial  anisotropy.  Figure  2  is  a  summary  plot  of  MR%, 
M-H  loop  coercivity,  and  MR  hysteresis  versus  annealing 
time.  The  figure  shows  a  decrease  in  He  and  MR  hysteresis 
values  with  annealing  for  the  hard  axis  magnetization  loop. 
Short-term  annealing  produces  a  small  increase  in  the  mag¬ 
nitude  of  the  magnetoresistance  ratio;  prolonged  annealing 
causes  a  decrease.  A  field  sensitivity  of  about  0.3%  per  Oe  is 
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FIG.  4.  Low  angle  x-ray  diffraction  scans  for  as-deposited,  and  annealed 
NiFeCo/Cu  multilayers. 
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FIG.  5.  As-deposited  hard  axis  MR  loops  for  (a)  NijjFeiiCoij/Cu,  (b) 
Nij,Fe5Co22/Cu,  and  (c)  Ni^jFegCojVCu  multilayered  films. 

observed.  This  is  calculated  by  dividing  the  MR  magnitude 
by  the  linewidth  of  the  MR  peak  at  the  half-maximum.  Fig¬ 
ure  2  shows  a  gradual  decrease  in  MR  hysteresis  with  an¬ 
nealing.  Figure  3  shows  high  angle  diffraction  patterns  in 
as-deposited  and  in  annealed  states.  The  single  weak  peak 
suggests  that  the  films  are  very  fine  grained.  Low  angle  dif¬ 
fraction  indicates  that  the  layers  as-deposited  are  verj'  poorly 
formed,  and  may,  in  fact,  be  discontinuous  (see  Fig.  4). 
Sharpening  of  the  first-order  LXRD  peak  with  annealing  is  a 
qualitative  indication  of  an  improvement  in  the  layered  struc¬ 
ture.  NiFeCo  films  prepared  by  dc  magnetron  sputtering 
were  found  to  be  relatively  more  Ni-rich  compared  with  the 
nominal  target  composition.  This  can  be  attributed  to  the 
differential  sputtering  yield  of  Ni,  Fe,  and  Co.  The  small 
negative  magnetostriction  measured  in  these  films  is  in 
agreement  with  the  value  of  the  measured  film  composition 

(Ni76Fe,oCo,4).* 

IV.  NIFeCo/Cu  MULTILAYER  FILMS  WITH  DIFFERENT 
NIFeCo  COMPOSITIONS 

Very  recently,  we  have  made  samples  with  several  dif¬ 
ferent  Ni-Fe-Co  alloy  compositions  layered  with  Cu  spac¬ 


Atomic  %  Co 

FIG.  6.  Plot  of  MR  sensitivity  for  changing  Co  concentration  in  NiFeCo/Cu 
multilayers. 

ers.  We  observed  a  sizable  (9%-14.5%)  GMR  effects  from 
all  of  these  samples.  A  set  of  representative  MR  loops  are 
given  in  Fig.  5.  MR  loops  (a),  (b),  and  (c)  correspond  to  the 
compositions  Ni72Fei,Co,7,  Ni69Fe9Co22  and  Ni63Fe8Co29, 
respectively.  These  loops  indicate  a  strong  dependence  of 
MR  magnitude  and  sensitivity  on  ternary  alloy  composition. 
The  compositional  variation  studied  here  essentially  consists 
of  partially  replacing  Ni  with  Co,  while  the  Fe  content  re¬ 
mains  nearly  constant.  Figure  6  displays  the  compositional 
dependence  (in  terms  of  Co  content)  of  sensitivity. 

V  SUMMARY 

High  field  sensitivity  GMR  has  been  observed  in 
NiFeCo  alloy/Cu  multilayers.  The  decrease  in  MR  and  M-H 
loop  hysteresis  may  be  a  result  of  increasing  uniaxial  anisot¬ 
ropy  caused  by  magnetic  annealing.  Stress  relief  and  reduc¬ 
tion  of  imperfections  by  annealing  may  also  help  in  reducing 
hysteresis. 
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to  Co/Cu  multilayers 
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Most  theoretical  models  of  the  giant  magnetoresistance  (GMR)  in  metallic  magnetic  multilayers 
developed  up  to  now  are  for  the  zero-temperature  limit,  thus  neglecting  the  spin-flip  scattering 
arising  from  spin  fluctuations  (magnons),  as  well  as  other  scatterings  from  thermal  excitations.  To 
account  for  the  temperature  dependence  of  the  GMR,  we  have  introduced  electron-magnon  and 
electron-phonon  scattering  terms  in  a  Camley-Bamas-like  semi-classical  model.  We  apply  our 
calculation  to  the  interpretation  of  the  temperature  dependence  of  the  resistivity  and  GMR  in  Co/Cu. 


i.  INTRODUCTION 

The  giant  magnetoresistance  (GMR)  of  the  magnetic 
multilayers,  first  discovered  in  Fe/Cr  structures,*  has  now 
been  observed  in  many  systems.  Its  interpretation^"'*  is  gen¬ 
erally  based  on  the  simplest  version  of  the  two  current  model 
for  the  conduction  in  fenomagnetic  metals.^  One  assumes 
that  the  electrical  current  is  canied  in  independent  channels 
by  the  spin!  (majority  spin  direction)  and  spinj  (minority) 
electrons,  which  is  the  low  temperature  limit  of  the  two  cur¬ 
rent  model.  However,  at  finite  temperature,  the  spin-mixing 
by  electron-magnon  scattering,  which  is  the  transfer  of  mo¬ 
mentum  between  the  two  channels,  becomes  an  essential  in¬ 
gredient  of  the  two  current  conduction  in  ferromagnets.^  In 
multilayers,  the  spin-mixing  effect  is  expected  to  play  an 
important  role  for  the  temperature  dependence  of  the  GMR 
and  must  be  taken  into  account  in  the  interpretation  at  finite 
temperature.  In  the  paper,  we  present  a  model  of  the  tem¬ 
perature  dependence  of  the  GMR,  taking  into  account  not 
only  the  contribution  from  thermally  excited  scatterings 
within  each  channel  (that  is  the  electron-phonon  scattering 
and  momentum  nonconserving  part  of  the  electron-magnon 
scattering  called  “incoherent  electron-magnon  scattering”  in 
the  notation  of  Ref.  5),  but  also  the  (interchannel)  spin¬ 
mixing  contribution  from  momentum  conserving  (or  coherent 
in  the  notation  of  Ref.  5)  electron-magnon  scattering.  To  our 
knowledge,  the  spin-mixing  con'ribution  (spin-flip  scattering 
with  momentum  transfer)  has  never  been  taken  into  account 
in  theoretical  models,  and  only  the  intrachannel  magnon 
scattering  has  been  introduced  in  calculations.®’’ 

II.  MODEL 

We  consider  an  infinite  multilayer  composed  of  ferro¬ 
magnetic  metallic  layers  (Co,  for  example),  separated  by 
nonmagnetic  metallic  layers  (Cu,  for  example).  The  current 
direction  is  in  the  plane  of  the  layers. 

Our  starting  point  for  the  low  temperature  limit  is  the 
semi-classical  model  of  Johnson  and  Camley,®  who  take  into 
account  interfaces  scattering  by  introducing  interfacial  layers 
in  which  the  mean-free  path  (MFP)  is  shorter  than  inside  the 
layers.  The  spin  asymmetry  of  the  MFP  in  the  interfacial 
layer  can  also  be  different  from  that  within  the  layers.  The 
parameters  of  the  model  of  Johnson  and  Camley  include  the 
resistivity  of  the  nonmagnetic  metal  or  what  is  equivalent. 


the  MFP  in  the  nonmagnetic  layers  that  we  will  call  Xcu(4-2 
K),  in  the  same  way  the  two  MFP  in  the  magnetic  layers  that 
we  call  X{:o(4.2  K)  and  \ij)(4.2  K)  for  the  spin!  and  spin! 
electrons  respectively,  the  MFP  X|(4.2  K)  and  X,|(4.2  K)  in 
the  interfacial  layers,  the  thickness  of  the  interfacial  layer  tj, 
and  the  thicknesses  of  the  effective  magnetic  and  nonmag¬ 
netic  layers  (tco‘*i)  ^nd  (tcu-tj),  respectively.  In  Table  I,  we 
have  listed  the  parameters  of  our  fit  expressed  in  terms  of 
resistivity.  We  also  introduce  the  cut-off  in  the  angular  inte¬ 
gration  suggested  by  Vedyayev  et  al^ 

At  finite  temperature,  we  introduce  the  following 
temperature-dependent  resistivity  terms. 

A.  Within  the  layere 

(i)  A  temperature-dependent  contribution  is  added  to  the 
resistivity  of  each  channel,  i.e.,  we  write 

P,r(7’)  =  Pa(4.2  K)  +  Sp,,{T).  (1) 

TABLE  I.  Resistivity  terms  used  in  our  calculation  ,  and  pj**’  are 

the  intrachannel  resistivities  for  the  Cu,  Co,  and  interfacial  layers,  respec¬ 
tively.  Their  temperature-dependent  part  are  derived  from  experi¬ 

mental  data  on  bulk  materials  for  Cu  and  Co  in  Refs.  10  and  U  and  is  a  free 
parameter  for  the  interfacial  layer.  The  spin-mixing  resistivity  pj^  is  derived 
from  Ref.  11,  while  p}‘  is  a  free  parameter,  (c)  and  (d)  refer  to  two  types  of 
calculation,  as  explained  in  the  text.  The  contribution  of  the  resistivity  term 
to  the  mean-free  path  inverse  is  pgXg  =  (Akf/ne^)=1940  (Ref.  23).  All  the 
resistivities  are  given  m  pfl  cm. 


T 

42K 
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Cu  layer  thickness  (A) 

FIG.  1.  Variation  of  the  resistivity  in  the  saturated  state  (bottom)  and  MR 
(top)  as  a  function  of  the  thickness  of  Cu  for  Co/Cu  multilayers.  Triangles: 
experimental  data  at  4.2  K  for  (Co  15  A/Cu)X30  from  Mosca  el  at.  (Ref. 
13).  Dashed  lines;  calculation  with  the  values  of  pa, ,  pL .  .  p{ .  and  pj 

indicated  in  the  text  and  Table  I. 


The  intrachaunel  term  Sp„{T)  includes  contributions 
from  electron-phonon  scattering  and  also  the  incoherent  part 
of  the  electron-magnon  (e-m)  scattering  transferred  to  the 
lattice.^  For  Cu,  we  will  use  the  values  of  =  ^P[(T) 
derived  fiom  the  resistivity  data  of  Ref.  10  for  bulk  Cu.  For 
Co,  we  will  use  values  of  and  derived  from  Ref.  10 
and  from  resistivity  measurements  on  Co-based  dilute 
alloys.**  All  these  resistivities  are  listed  in  Table  I  for  several 
temperatures  between  4.2  and  300  K. 

(iO  A  temperature-dependent  spin-mixing  term  pT  i(r)  is 
introduced  to  couple  the  Boltzmann  equations  of  the  two 
channels  [see  Eq.  (3)  below].  It  expresses  the  fact  that  the 
spin-flip  scattering  by  magnons,  a  part  of  the  electron  mo¬ 
mentum  is  coherently  transferred  to  the  channel  with  oppo¬ 
site  spin  and  contributes  to  the  interchannel  tenn  ptf.*  Data 
for  pj^ (T)  are  taken  from  Ref.  11  and  extrapolated  up  to  300 
K  by  assuming  a  variation  as  T^. 

B.  Inside  the  Interfacial  layers 

We  also  introduce  temperature-dependent  resistivity 
terms,  which,  essentially,  should  express  the  scattering  by 
enhanced  spin  fluctuations  at  the  interfaces.  We  take  into 
account  either  intrachannel  resistivity  terms  S/i^{T)  and 
SdiiT),  or,  alternatively,  an  interchannel  spin-mixing  term 
p\liT).  The  incoherent  scattering  should  be  predominant  for 
a  disordered  interface.  When  the  mterchannel  spin-mixing 
term  is  taken  into  account,  the  Boltzmann  equation  of  the 
channel  o"  in  a  given  layer  is  written  as 


m  dg‘'{z,\)  g°'(z,v)  g^z,y)-g  °'(z,v) 

hkp  dz  ^  ^ 

eE  dfn{v) 

= - (2) 

hkfV^  Svx  ’ 

where  g"  is  the  deviation  of  the  electron  distribution  function 
from  the  Fermi-Dirac  distribution  /o(u)  for  the  spin  direc¬ 
tion  a,  z  and  x  are  the  directions,  respectively,  perpendicular 
to  the  layers  and  parallel  to  the  current,  v  is  the  electron 
velocity,  E  is  the  electric  field.  The  MFP  inverses,  (X.")"*  and 
(X'*)“*,  include  the  contributions  from  all  the  scattering 
mechanisms. 

III.  RESULT  FOR  THE  Co/Cu  SYSTEM 

We  have  applied  our  calculation  to  the  fit  of  experimen¬ 
tal  results  by  Mosca  et  alP  NMR*"*  experiments  on  the  same 
samples  have  established  that  the  roughness  of  the  interfaces 
can  be  modelized  by  a  very  dense  distribution  of  mono- 
atomic  stegs,  so  that  we  fix  the  thickness  of  the  interfacial 
layer  at  2  A. 

At  low  temperature,  we  begin  by  adjusting  the  MFP 
K),  Xto(4.2  K),  Xii,(4.2  K),  X{(4.2  K),  X|(4.2  K)  to  fit 
the  absolute  values  of  the  resistivity  and  the  MR  ratio  for 
several  thicknesses.  In  Fig.  1  we  show  the  fit  of  the  variation 
of  the  resistivity  and  MR  ratio  with  the  thickness  of  Cu  ob¬ 
tained  for  the  values  of  pi;i*(4.2  K),  PcoH4.2  K),  and  p}*^\4.2 
K)  listed  in  Table  1.  We  estimate  the  error  bar  on  the  MFP 
less  than  15%. 

To  interpret  the  temperature  dependence,  we  have  fo¬ 
cused  on  two  samples  with  respectively  thin  (15  A)  and  thick 
(60  A)  Co  layers  in  order  to  determine  the  relative  impor¬ 
tance  of  the  bulk  and  interface  temperature-dependent  scat¬ 
terings.  We  have  introduced  the  different  temperature- 
dependent  contributions  successively. 

The  intra-channel  terms  dor^„(T)  (derived  from  Ref.  10), 
4oico(T)  and  Sf^{T)  (derived  from  Refs.  10  and  11)  are  in¬ 
troduced  first.  They  arc  not  free  parameters.  As  shown  by 
curves  (a)  in  Fig.  2,  the  contribution  from  these  terms  ac¬ 
counts  only  for  a  small  part  of  the  variation  of  the  resistivity 
and  MR  ratio  with  T. 

Then,  in  addition,  we  introduce  the  spin-mixing  term 
p^(7’)  derived  from  Ref.  11.  As  shown  by  the  curves  (b)  in 
Fig.  2,  this  is  still  not  sufficient  to  account  for  the  variation 
with  temperature,  especially  for  the  resistivity  [we  have  tried 
fits  with  enhanced  values  of  p^’(7’),  without  succeeding  in 
accounting  for  the  T  dependence  of  the  resistivity  and  MR 
ratio  at  the  same  time]. 

We  are  thus  led  to  include  T-dependent  scattering  by  the 
interfaces,  and  we  have  begin  by  adding  up  a  spin-mixed 
term  p^(r)  (the  values  are  listed  in  Table  I).  We  obtain  the 
curves  (c)  in  Fig.  2,  which  mean  that  we  can  obtain  a  good  fit 
of  the  variation  with  for  the  resistivity,  but  not  for  the  MR 
ratio  (or  vice  versa). 

We  have  then  left  out  the  term  p|j(7')  and  introduced 
T-dependent  intra-channel  terms  in  the  interfacial 

layer  (with  the  same  values  for  the  Co  15  A/Cu  9  A  and  Co 
60  A/Cu  9  A  samples).  We  could  obtain  a  good  agreement 
for  the  MR  ratio  of  both  samples  and  a  good  agreement  for 
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FIG.  2.  Variation  of  the  resistivity  in  the  sctu  ak  J  state  (bottom)  and  MR  (top)  as  a  function  of  temperature  for  (Co  15  A/Cu  9  A)  (left)  and  (Co  60  A/Cu  9 
A),  Circles;  experimental  data  from  Mosca  et  ol.  (see  Ref.  13).  Curve  (a):  calculation  taking  into  account  the  phonon  and  magnon  intrachanncl  resistivities 
within  Co  and  Cu  layers.  Curve  (b):  same  calculation  than  (a)  but  also  taking  into  account  intcrchanncl  spin  mixing  terms  within  Co.  Curves  (c)  and  (d); 
calculation  taking  into  account  temperature-dependent  scattering  by  the  interfaees;  (c)  is  calculated  with  ai  interchannel  term,  (d)  is  calculated  with  an 
intrachannel  term. 


the  resistivity  of  Co  15  A/Cu  9  A;  see  curves  (d)  in  Fig.  2. 
The  variation  with  T  we  obtain  for  the  resistivity  of  Co  60 
A/Cu  9  A  is  slightly  too  small. 

IV.  DISCUSSION  AND  CONCLUSION 

Our  results  can  be  summarized  as  follows.  We  have 
found  that  introducing  within  layers  the  temperature- 
dependent  (intrachannel)  resistivity  and  spin-mixing  terms 
derived  from  data  in  bulk  materials  is  not  sufficient  to  ac¬ 
count  for  the  variation  of  the  resistivity  and  MR  ratio  with  T 
[the  weak  effectiveness  of  SpJ,T)  to  reduce  the  MR  is  partly 
due  to  its  pronounced  spin  dependence  in  Co].*‘  The  best  fits 
have  been  obtained  by  also  taking  into  account  temperature- 
dependent  interfacial  scattering.  It  is  interesting  to  notice  that 
the  best  fit  is  obtained  by  introducing  intrachannel  resistivity 
terms,  and  no  interchannel  spin  mixing  term  in  the  interfacial 
zone.  This  can  be  ascribed  to  incoherent  scattering  by  the 
spin  fluctuations  at  the  interfaces.  The  incoherence  is  consis¬ 
tent  with  spin  fluctuation  within  quite  disordered  interfaces. 

The  final  conclusion  is  that  the  temperature  dependence 
of  the  resistivity  and  MR  of  Co/Cu  multilayers  can  be  ac¬ 
counted  for,  at  least  approximately,  by  taking  into  account 
not  only  phonon  and  magnon  resistivity  terms  determined  in 
bulk  materials,  but  also  an  additional  contribution  from  in¬ 
terfaces. 
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Magnetization  reversal  in  CoFe/Ag/Fe/ZnSe  thin  layer  sandwiches 
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In  recent  work  [J.  Appl.  Phys.  70,  10  (1991)]  the  spin  valve  effect  (SVE)  was  measured  in 
Co^Fe,_;f/Ag/Fe(j:<0.7)  thin  layer  sandwiches  grown  by  molecular  beam  epitaxy.  The  field 
dependence  of  the  SVE  was  correlated  with  ^■SM  magnetization  data  taken  on  the  samples.  It  was 
found  that  only  at  low  fields  was  there  a  correlation  between  the  SVE  resistance  and  the 
magnetization  data.  These  results  ..idicated  a  more  complex  reversal  mechanism  that  included 
substantial  magnetizations  in  directions  not  measured  in  traditional  VSM  measurements.  In  order  to 
more  accurately  determine  the  field-dependent  magnetization  of  the  samples  during  reversal,  the 
longitudinal  and  transverse  Kerr  effects  were  measured  on  the  layers.  The  particular  geometry  used 
to  measure  the  Kerr  effects  was  for  the  light  scattering  plane  to  be  perpendicular  to  the  applied 
magnetic  field.  The  transverse  Kerr  effect  data,  which  in  this  geometry  are  sensitive  to  the 
magnetization  parallel  to  the  applied  magnetic  field,  replicated  the  VSM  data.  The  longitudinal  Kerr 
effect,  which  is  sensitive  to  the  net  magnetization  perpendicular  to  the  applied  field  (in  the  plane  of 
the  film),  indicated  a  substantial  perfiendicular  magnetization  component.  Based  upon  previous 
work  on  epitaxial  iron  films,^"'*  it  appears  that  the  magnetizat'on  reversal  process  proceeds  by 
transitions  between  easy  axes.  From  these  measurements,  the  anomalous  resistances  obseived  as  a 
function  of  the  applied  magnetic  field  in  J.  Appl.  Phys.  70, 10  (1991),  are  explained  by  having  one 
of  the  films  soft,  and  two  easy  axes  in  the  plane  of  the  other  film. 


INTRODUCTION 

Recently,  consider..jle  attention  has  been  devoted  to  the 
study  of  multilayers  and  sandwiches  composed  of  alternating 
magnetic  and  nonmagnetic  layers.  In  part,  this  interest  has 
been  generated  by  the  large  magnetoresistance  known  as  gi¬ 
ant  magnetoresistance  or  the  spin  valve  effect  (SVE)  ob¬ 
served  in  a  number  of  multilayers,  such  as  Fe/Cr^  and  sand¬ 
wiches  such  as  CoFe/Ag/Fe/ZnSe.'  In  the  previous  work*  on 
CoFe/Ag/Fe/ZnSe  sandwiches,  both  vibrating  sample  mag- 
netometry  (VSM)  and  SVE  measurements  were  performed. 
It  was  found  in  that  work  that  only  the  low  field  VSM  data 
were  correlated  with  the  SVE  data.  This  indicated  that  a 
more  complex  magnetic  reversal  process  was  occurring  at 
higher  magnetic  fields,  in  at  least  one  of  the  magnetic  layers 
in  the  sandwich. 

In  the  present  work  we  describe  a  series  of  measure¬ 
ments  of  both  the  longitudinal  (LKE)  and  transverse  (TKE) 
magneto-optical  Kerr  effects  on  the  same  six  samples  used  in 
the  investigation  detailed  in  Ref.  1.  The  six  samples  investi¬ 
gated  varied  in  the  alloy  composition  of  the  CoFe  film  and 
thickness  of  individual  layers.  Previous  research^"**  has 
shown  that  measurements  of  the  LKE  and  TKE  provide  in¬ 
formation  on  the  magnetization  components,  parallel  and 
perpendicular  to  an  applied  magnetic  field,  of  the  magnetic 
material  under  investigation.  Thus,  measurements  of  the 
TKE,  which  is  sensitive  to  the  magnetization  parallel  to  the 
applied  magnetic  field,  should  reproduce  the  VSM  measure¬ 
ments  and  be  well  correlated  with  the  SVE  low  field  mea¬ 
surements.  The  LKE,  being  sensitive  to  the  net  magnetiza¬ 
tion  perpendicular  to  the  applied  field,  might  be  correlated 
with  the  high  field  SVE  and/or  provide  extra  magnetic  infor¬ 
mation  on  the  magnetization  process. 


EXPERIMENTAL  DETAILS  AND  RESULTS 

As  stated  in  the  Introduction,  in  the  present  work  we 
focus  on  measurements  of  the  Kerr  effect,  two  of  which  are 
depicted  in  Fig.  1.  The  Kerr  measurements  are  made  with  a 
fixed  scattering  plane,  perpendicular  to  the  applied  magnetic 
field,  and  fixed  polarizer  angle.  In  these  measurements,  the 
analyzer  is  rotated  to  obtain  the  signals  for  longitudinal  and 
transverse  Kerr  effects.  The  analyzer  is  held  at  an  angle  of 
d>o=5®-15°  from  the  polarizer  orientation  to  obtain  the 
transverse  magnetization  (the  LKE).  The  longitudinal  mag¬ 
netization  component  is  obtained  with  the  analyzer  at  an 
angle  of  =80-85  from  the  polarizer  orientation^’^  (the 
TKE). 


FIG.  1.  Geometries  of  the  transverse  and  longitudinal  Kerr  effects.  The  two 
Kerr  effects  measured  are  depicted.  In  the  longitudrnal  Kerr  effect,  the  mag- 
netizatron  measured  is  parallel  to  the  plane  of  incrdence,  but  perpendicular 
to  the  applied  magnetic  field.  The  longitudinal  effect  is  characterized  by  a 
rotation  of  plane  of  polarization.  The  amount  of  rotation  is  proportional  to 
the  component  of  magnetrzation  parallel  to  the  plane  of  incidence.  In  the 
transverse  Kerr  effect,  the  magnetization  is  perpendicular  to  the  plane  of 
incidence,  but  parallel  to  the  applied  magnetic  field.  The  transverse  effect  is 
depicted  by  a  change  in  reflectivity  of  the  light  polarized  parallel  to  the 
plane  of  incidence,  not  a  rotation  of  polarization.*  The  transverse  Kerr  effect 
thus  measures  the  same  magnetization  variations  as  a  VSM. 
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In  the  longitudinal  Kerr  effect,  the  detected  magnetiza¬ 
tion  is  parallel  to  the  plane  of  incidence.  The  longitudinal 
effect  is  characterized  by  a  rotation  of  the  plane  of  polariza¬ 
tion  between  the  incident  and  reflected  light,  where  the 
amount  of  rotation  is  proportional  to  the  component  of  mag¬ 
netization  parallel  to  the  plane  of  incidence.  In  the  transverse 
Kerr  effect,  the  sensed  magnetization  is  perpendicular  to  the 
plane  of  incidence.  The  transverse  effect  results  in  a  change 
in  the  reflectivity  of  the  light  polarized  parallel  to  the  plane 
of  incidence,  not  a  rotation  of  polarization.^’^ 

The  six  sandwiches  used  in  this  experiment  were  grown 
on  gallium-arsenide  (GaAs)  substrates.  The  substrates  were 
GaAs[001],  which  result  in  [001]  Fe  film  grown  on  the  ZnSe 
buffer  layer.  The  zinc-selenide  (ZnSc)  epilayer  was  grown 
both  to  smooth  or  flatten  the  rough  surface  of  the  GaAs  sub¬ 
strate  and  to  inhibit  the  subsequently  grown  ferromagnetic 
film  from  chemically  interacting  with  GaAs.  The  samples 
differed  by  the  individual  layer  thicknesses  and  CoFe  alloy 
composition.  The  sample  structures  were  of  the  form 
Co^Fei_^/Ag/Fe/ZnSe/GaAs[001],  where  x  is  varied  from  0 
to  0.7.  The  alloy  composition  was  varied  to  change  the  co- 
ercivity  and  other  magnetic  properties  of  one  of  the  magnetic 
layers.  The  final  Ag  layer  was  a  protective  coating  layer, 
while  the  buried  Ag  layer  was  a  nonmagnetic,  spacer  layer. 
The  thickness  of  the  Ag  spacer  layer  was  large  enough  to 
decouple  the  CoFe  and  Fe  layers. 

The  VSM  measurements  of  the  six  CO;tFei_^/  Ag/Fe/ 
ZnSe  samples  were  consistent  with  the  film  growth  planes 
being  (001)  planes.  This  ’.esults  in  two  magnetically  interme¬ 
diate  (110)  axes  and  two  magnetically  easy  (100)  axes  of 
magnetization  in  the  plane  of  the  films.  This  is  the  same 
magnetic  film  configuration  as  was  previously  investigated  in 
single  layer  epitaxial  iron  films.^ 

For  brevity,  only  two  of  the  samples  from  the  series  will 
be  discussed.  These  samples  both  exhibited  distinct  SVE  ef¬ 
fects  in  applied  fields,  where  there  was  no  concomitant  VSM 
signature.  These  are  the  Ag(1.9)/Fe(8.1  nm)/Ag(3.9  nm)/ 
Co3oFe7o(8.4  nm)  and  Ag(2.8  nm)/Fe(12.4  am)/Ag(5.5  nm)/ 
Fe(13.1  nm)  sandwiches.  The  transport  data  from  the  previ¬ 
ous  study  will  be  compared  with  the  TKE  and  LKE  data 
presented  here. 

Figure  2  shows  both  the  VSM  and  SVE  data  for  the 
sandwich  containing  the  CoFe  alloy  film  with  the  applied 
magnetic  field  close  to  a  (110)  axis  (an  intermediate  axis). 
One  should  notice  that  the  largest  resistance  signatures  are 
well  correlated  with  the  VSM  data.  However,  there  is  an 
extra  SVE  signature  at  fields  on  the  order  of  130  Oe,  which 
does  not  have  a  VSM  signature.  The  TKE  data  on  this 
sample  were  consistent  with  the  VSM  data.  The  longitudinal 
Kerr  effect  measurement  provided  a  signature  that  was  cor¬ 
related  with  the  SVE  at  130  Oe.  These  data  are  shown  in  Fig. 
3. 

Figure  4  again  shows  both  the  VSM  and  SVE  data  for 
the  other  sandwich,  the  one  with  only  elemental  Fe  films. 
Again,  the  field  is  applied  close  to  an  intermediate  (110)  axis. 
Also,  the  VSM  data  and  the  SVE  anomalies  are  well  corre¬ 
lated  at  the  lower  magnetic  fields,  on  the  order  of  75  Oe,  but 
there  is  no  VSM  signal  for  the  SVE  peak  at  250  Oe.  Similar 
to  the  other  film.  Fig.  5  shows  how  the  long.iudinal  Kerr 


FIG.  2.  Magnetization  and  magnetoresistance  data  for  the  Ag(l,9)/Fe(8.1 
nm)/Ag(3.9  nni)/Co3oFe7o(8.4  nm)  sample  with  the  applied  field  along  the 
<110)  axis.  The  transport  data  were  taken  with  the  applied  magnetic  field 
parallel  to  the  current  direction.  The  main  reversal  of  the  magnetization 
occurs  at  the  same  field  where  the  SVE  has  a  maximum  resistance.  As  the 
magnetization  continues  to  rotate  to  the  (110),  parallel  to  the  applied  field, 
there  is  another  SVE  maximum.  For  this  second  maximum  there  is  not  a 
signature  in  the  magnetization  data. 

effect  data  indicate  the  presence  of  a  substantial  magnetiza¬ 
tion  component  perpendicular  to  the  applied  field  up  to  250 
Oe. 

DISCUSSION  AND  CONCLUSIONS 

The  spin  valve  or  magnetoresistance  effect  has  been  at¬ 
tributed  to  the  antiparallel  alignment  of  magnetic  moments  in 
thin  film  sandwiches.  Three  possible  causes  of  the  variation 
of  SVE  resistance  with  an  applied  field  are  exchange  bias 
pinning  of  one  of  the  ferromagnetic  films,  antiferromagnetic 
coupling  between  the  layers,  and  different  coercivities  in 
sandwich  layers.  That  in  simple  sandwiches  like  those  inves¬ 
tigated  here,  there  are  multiple  resistance  maxima,  indicate  a 
rather  complex  magnetization  process  in  at  least  one  of  the 


FIG.  3.  Longitudinal  Kerr  effect  data  for  the  Ag(1.9)/Fe(8.1  nm)/Ag(3.9 
nra)/Co3oFe7o(8.4  nm)  sample,  with  the  applied  field  along  the  (110)  axis  for 
the  component  of  the  magnetization.  The  more  positive  curve  in  positive 
applied  magnetic  fields  was  taken  with  increasing  magnetic  field.  Notice  that 
the  maximum  in  the  net  perpendicular  magnetization  component  from  SO  to 
200  Oe  is  correlated  with  the  second  SVE  maximum  shown  in  Fig.  2. 


7074  J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Bilic  et  al. 


H(kOe) 

FIG.  4.  Magnetization  and  inagnetoresistance  data  for  the  Ag(2.8  nm)/ 
Fe(12.4  nm)/Ag(5.5  nm)/Fe(13.1  nm)  sample  with  the  same  field  and  cur¬ 
rent  directions  as  in  Fig.  1.  As  before,  note  the  main  reversal  of  the  magne¬ 
tization  occurs  at  the  same  field  where  the  SVE  has  a  maximum  resistance 
and  that  as  the  magnetization  continues  to  rotate  to  the  (110)  direction  there 
is  another  SVE  maximum.  For  this  second  maximum  there  is  not  a  signature 
in  the  magnetization  data. 


films.  In  order  to  understand  this  process,  we  will  follow  the 
magnetization  of  single  layer  Fe  films  as  detailed  in  Ref.  2. 
The  necessary  information  to  be  considered  is  that  for  these 
films  and  those  in  Ref.  2,  there  are  two  easy  axes  in  the  film 
planes,  separated  by  intermediate  axes. 

With  a  saturating  field  close  to,  but  not  parallel  to,  an 
intermediate  axis,  the  total  magnetization  is  parallel  to  the 
applied  field.  As  the  field  is  reduced,  the  magnetization  ro¬ 
tates  toward  an  easy  axis  and  a  magnetization  component 
perpendicular  to  the  field  develops.  Tliis  is  what  occurs  in 
both  sandwiches,  and  can  be  seen  in  the  magnetization  data 
and  the  LKE  data.’  When  the  major  portion  of  the  magneti¬ 
zation  switches  at  the  coercive  field,  the  SVE  signature  is 
due  to  the  slightly  different  coercivities  or  anisotropy  ener¬ 
gies  of  the  films.  In  this  process,  the  magnetization  has 
flipped  from  one  easy  axis  to  another,  but  the  net  perpendicu¬ 
lar  magnetization  has  not  changed.  In  other  words,  the  mag¬ 
netization  has  flipped  or  rotated  from  one  easy  axis  to  an¬ 
other,  which  is  a  90°  rotation. 

The  higher  magnetic  field  transition  occurs  with  the 
magnetization  jumping  to  the  other  easy  axis  (the  original 
one,  but  now  with  the  magnetization  in  the  opposite  direc¬ 
tion),  resulting  in  the  perpendicular  magnetization  changing 
sign.  It  is  important  to  note  that  this  process  can,  at  most, 
only  slightly  alter  the  magnetization  parallel  to  the  applied 
field,  and  is  thus  undetected  in  the  VSM  data.  It  is  during  this 
later  process  that  the  extra  SVE  anomaly  occurs.  The  remain¬ 
der  of  the  magnetization  process  is  the  rotation  of  the  mag¬ 
netization  from  the  easy  axis  to  parallel  with  the  applied  field 
(almost  along  the  (110)  direction).  At  the  completion  of  the 
later  process,  the  moments  are  again  parallel,  resulting  in  a 
low  resistance  state. 

The  above  m;!gnetization  process  is  one  scenario  that 
would  generate  the  data  presented  here.  No  quantitative  cor¬ 
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FIG.  5.  Longitudinal  Kerr  effect  data  for  the  Ag(2.8  nm)/Fe(12.4  nm)/ 
Ag(5.5  nm)/Fe(13.1  nm)  sample,  with  the  applied  field  along  the  (110)  axis 
for  the  component  of  the  magnetization.  The  more  negative  data  at  the  zero 
applied  field  was  taken  with  increasing  magnetic  fields.  Notice  that  a  tran¬ 
sition  in  the  perpendicular  magnetization  from  50  to  350  Oe  includes  the 
range  where  the  second  transition  occurs  in  Fig.  4. 

relation  between  the  Kerr  measurements  and  the  SVE  was 
attempted.  In  part,  this  is  because  the  samples  had  deterio¬ 
rated  in  the  time  between  the  SVE  measurement  and  the  Kerr 
studies.  This  study  does  point  out  that  the  two  magnetic  films 
in  a  single  sandwich  are  not  identical.  This  is  true,  even  in 
the  iron/silver/iron  sandwich.  One  should  note  that  this  last 
statement  does  not  require  one  of  the  iron  films  to  be  a  poly¬ 
crystal.  It  merely  requires  that  the  two  iron  films  have  differ¬ 
ent  coercive  fields  for  the  magnetization  processes  described 
in  the  above. 

In  summary,  the  longitudinal  Kerr  effect  has  been  shown 
to  be  correlated  with  SVE  anomalies  not  understood  by  usual 
magnetization  studies,  i.e.,  VSM  measurements.  Although 
not  accomplished  in  detail,  it  provides  another  tool  to  enable 
a  detailed  analysis  of  the  reversal  processes  present  in  com¬ 
plex  sandwiches  possible. 
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letween  these  two  possibilities. 
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Starting  with  the  Kubo  formula  for  electric  conductivity  we  derive  a  set  of  equations  that  define  the 
spin  diffusion  that  is  present  when  cunent  is  driven  through  inhomogeneous  magnetic  media.  We 
show  the  spin  accumulation,  or  nonequilibrium  magnetization,  attendant  to  charge  transport  through 
regions  of  inhomogeneous  magnetization  is  governed  by  the  same  equations  found  in  a 
thermodynamic  approach  to  magnetoelectric  transport. 


There  have  been  two  approaches  to  understand  the  giant 
magnetoresistance  (MR)  of  magnetic  multilayered  structures 
for  currents  perpendicular  to  the  plane  of  the  layers  (CPP). 
The  first  has  been  a  linear  response  theory  based  on  either 
the  Kubo  formula*’^  or  the  Boltzmann  equation,^  in  which 
one  calculates  the  current  in  response  to  an  external  electric 
field.  The  second  is  a  thermodynamic  approach,"*  in  which 
one  introduces  a  magnetization  potential  //*  in  addition  to 
the  electric  potential  V,  to  describe  charge  and  nonequilib- 
rium  magnetization  transport.^’®  For  some  systems  both  H* 
and  V  are  externally  applied  potentials,  e.g.,  when  one  dis¬ 
cusses  the  spin-polarized  transport  between  the  injector  and 
detector  in  a  spin-injection  experiment,^  one  introduces  both 
electric  and  magnetization  currents.  However  the  CPP-MR, 
one  applies  only  a  voltage,  and  only  an  electric  current  flows 
into  and  out  of  the  multilayered  structure.  While  there  may 
be  a  nominal  magnetic  field  applied  to  the  structure,  it  is 
largely  irrelevant  as  a  thermodynamic  variable;  the  magneti¬ 
zation  current  and  potential  H*  are  internal  to  the  system. 
They  represent  the  rearrangement  of  spin  (magnetization) 
when  an  electric  current  is  driven  through  the  structure. 

With  this  background  in  mind,  there  has  been  some 
questions’  as  to  whether  the  linear  response  approach,' 
which  considers  only  the  voltage  V  or  electric  field  as  the 
only  variable  in  calculating  the  current  neglects  the  effects  of 
the  nonequilibrium  (current-driven)  magnetization,  or  spin 
accumulation  on  the  CPP-MR.  Here  we  point  out  that  the 
CPP-MR  calculated  by  linear  response  theory  does  contain 
the  effects  of  spin  accumulation,  even  though  one  only  con¬ 
siders  the  externally  applied  potential  F.  By  using  the  Kubo 
formalism  for  charge  transport  in  magnetic  multilayered 
structures,  we  derive  the  equation  that  controls  the  spin  ac¬ 
cumulation.  When  one  uses  the  approximation  of  a  local  self¬ 
energy,  the  spin-diffusion  equation  reduces  to  that  assumed 
by  the  thermodynamic  approach.  We  are  able  to  clarify  the 
conditions  for  the  validity  of  the  thermodynamic  approach. 

We  begin  with  the  linear  response  to  an  electric  field, 
which  for  multilayered  structures  with  collinear  magnetiza¬ 
tion,  i.e.,  ferro-  and  antiferromagnetically  aligned  layers,  re¬ 
duces  to  a  one-dimensional  problem^ 

j^{z)  =  ej  a^{z,z')jpV(z')dz',  (1) 


where  s  is  the  spin  index,  and  we  have  expressed  the  exter¬ 
nal  electric  field  in  terms  of  the  classical  potential,  i.e., 
Etxt{z)=e(dldz')V{z').  The  conductivity  is  given  in  the 
Kubo  formalism  by  the  diagrams  shown  in  Fig.  1.  It  includes 
the  simple  bubble  diagram  Fig.  1(a),  the  ladder  diagrams  due 
to  non-spin-flip  scattering  Fig.  1(b)  and  the  spin-flip  dia¬ 
grams  represented  by  the  wiggly  lines  [Fig.  1(c)].  Other  dia¬ 
grams,  in  which  wiggled  lines  cross  the  shaded  ladders  have 
been  neglected.  Therefore,  we  only  focus  on  spin-flip  and 
non-spin-flip  scattering  processes,  which  are  local.  This  type 
of  scattering  includes  spin-orbit  and  paramagnetic  impurity 
scattering,  but  excludes  the  magnon  scattering,  which  is  not 
local. 

Rather  than  dealing  with  these  diagrams  explicitly  in  the 
conductivity  &‘{z,z'),  we  introduce  an  effective  field  E\z'), 

r(z)=j  (Tl{z,z')E^(z')dz',  (2) 

where  ai  is  the  bubble  diagram  contribution  to  the  conduc¬ 
tivity,  Fig.  1(a),  and 

E^z’)  =  e-^V(z')  +  ej  r(z' ,z")-^  V{z")dz".  0) 

where  F  is  the  sum  of  the  ladder  diagrams.  Figs.  1(b)  and 
1(c),  without  external  legs.  F  is  also  called  the  diffusion 
propagator.  The  key  difference  between  the  diffusion  propa- 
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FIG.  1.  Diagrams  contributing  to  (t’(2,z').  (a)  is  the  bubble  conductivity 
al{z,z')  and  (b)  is  the  ladder  contribution  due  to  non-spin-flip  processes  and 
(c)  is  that  due  to  spin-flip  processes. 
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gator  and  the  bubble  conductivity  is  that  the  former  is  long 
range  while  the  latter  has  a  length  scale  of  the  mean-free 
path.  The  asymptotic  form  of  F  in  three  dimensions  is 
l/|r'  -r"|.®  The  main  contribution  of  the  diffusion  propagator 
to  the  effective  field,  Eq.  (3),  is  from  the  contribution  for 
large  separations  of  z'—z",  and  one  can  assume  that  F^  in 
Hq.  (3)  only  depends  on  the  z'  —z".  By  integrating  the  second 
term  in  Eq.  (3)  by  parts,  and  by  using  {dldz")V{z' ,z") 
=  -{dldz')V{z' ,z"),  we  find  that  Eq.  (3)  can  be  written  as 

E^(z')=e^l^V(z')+J  r(z',z")V(z")dz"j 

(4) 


By  taking  the  Laplacian  of  both  sides  of  Eq.  (7)  and  by  using 
the  above  identity,  we  find 


riz',z'')= 


2 

{Siz'-z") 


+P,^z)T-^{z',z")}. 


(9) 


Upon  taking  the  derivative  of  the  definition  of  the  spin- 
dependent  chemical  potential  Eq.  (4)  and  by  using  Eq.  (9), 
we  arrive  at 


3{nz)y-^,z\z)=- 


r(z)+/-*(z) 


{fi  *(z)-V(z)}, 

(10) 


where  the  last  identity  defines  the  spin-dependent  chemical 
potential  /i*. 

In  the  following,  we  assume  the  spin-diffusion  length  is 
much  larger  than  the  mean-free  paths,  Xsdi^^mfp*  j-®-*  fhat 
spin-flip  processes  are  much  rarer  than  non-spin-flip  scatter¬ 
ing.  In  this  case  Oi(z',z")  varies  on  the  length  X^fp 
Green’s  functions  decay  over  distances  given  by  the  elastic 
mean-free  paths),  while  the  current  j\z)  varies  over  dis¬ 
tances  X,<)i .  We  now  invert  Eq.  (2)  and  treat  the  current  den¬ 
sity  as  a  constant  within  the  mean-free  path.  We  can  remove 
the  cunent  density  from  the  integration,  and  arrive  at 

where 

p"(z)=J  pl{z,z')dz',  (6) 

and  pj(z,z')  is  the  inverse  of  the  conductivity  al(z,z').  In 
the  local  relaxation  time  approximation,  l/p*(z)=CF(z), 
where  C={e^lh){2k\l3rt)  and  F(z)  is  a  local  mean-free 
path.  This  local  relation  between  cunent  density  and  the 
chemical  potential  is  Ohm’s  law  for  each  spin  channel.  It  is 
valid  as  long  as  the  current  density  for  each  spin  channel 
does  not  change  significantly  within  a  mean-free  path. 

To  obtain  information  about  spin-diffusion,  one  has  to 
calculate  the  ladder  diagrams.  From  Figs.  1(b)  and  1(c),  the 
diffusion  propagator  satisfies  the  following  integral  equation: 

F*(2',z")  =  d*(z',2'') 


+1  <f"(z',Zi)Ps,(zi)F  ^(z,,z")<fz,,  (7) 

where  is  the  probability  of  spin-flip  scattering  and  d^  is 
the  diffusion  propagator  in  the  absence  of  the  spin-flip  scat¬ 
tering;  see  Fig.  1(b).  In  general,  P^f  depends  on  energy.  In 
our  case  we  only  consider  nearly  elastic  spin-flip  scattering, 
so  that  we  set  all  the  energy  variables  at  the  Fermi  level. 
Equation  (7)  is  the  spin-diffosion  equation  in  integral  form. 
To  write  it  in  differential  form,  we  use  the  fact  that  the  dif¬ 
fusion  propagator  in  the  absence  of  spin-flip  scattering 
satisfies®’’ 


1 

3dF' 


d^(z’,z")  =  - 


l\z’) 


2 

S{z'-z"). 


(8) 


where  we  have  used  {^ldz^)V{z)=0  for  the  classical  poten¬ 
tial,  and  we  have  defined  the  spin-flip  mean-free  path 
l^{^{P+r^)IP^f  to  express  the  di^sion  equation  in  terms 
of  /jf,  as  one  usually  does.  Note  that  we  have  dropped  the 
first  term  in  Eq.  (9)  in  calculating  the  chemical  potential 
from  the  second  term  of  Eq.  (4)  because  it  has  already  been 
included  in  the  first  term  of  Eq.  (4). 

Equation  (10)  is  our  main  result;  it  controls  the  spin 
diffusion.  To  write  it  in  a  more  familiar  form  for  layered 
structures,  we  assume  the  local  mean-free  path  is  piecewise 
constant,  i.e.,  P(z)  is  a  constant  in  a  specific  layer.  In  this 
case,  Eq.  (10),  along  with  the  equation  given  by  interchang¬ 
ing  and  -s  in  Eq.  (10),  can  be  written  as 


r  ^  -St  M  m'(z)-M"'(2) 
*(2)]  =  - 


dz 


"x^iic^ 


(11) 


where  we  have  defined  the  spin-diffusion  constant  Xsdi(z)  as 
l/x2dp[3F/,f]-*+[3/-%f]-' and 


d 

dz 


P{z)-,i^(z)  +  n(z)-n-\z) 


=  0. 


(12) 


Equation  (11)  is  exactly  the  one  assumed  by  the  thermody¬ 
namic  approach,^’®  while  Eq.  (12)  represents  the  conserva¬ 
tion  of  charge,  i.e.,  the  total  current  is  constant.  These  two 
equations  determine  the  spin-dependent  chemical  potentials; 
then  the  electric  current  and  the  magnetization  current  are 
obtained  from  Eq.  (5).  We  point  out  that  one  should  use  Eq. 
(10)  rather  than  Eqs.  (11)  and  (12)  when  the  local  mean-free 
paths  and  local  spin-diffusion  constant  are  not  piecewise 
constants.  For  example,  one  could  grow  multilayers  with 
continuously  varying  compositional  differences. 

We  have  reproduced  and  generalized  the  equations  that 
define  spin-diffusion  in  magnetic  multilayered  structures, 
when  they  are  subject  to  an  electric  field.  To  understand  the 
range  of  validity  of  these  equations,  we  consider  the  different 
thicknesses  of  the  layers  relative  to  the  mean-free  path 
and  spin-diffusion  length.  The  current  derivation  is  in  the 
limit  Xn,fp*^Xsdi ,  so  that  one  can  view  it  as  a  spin-diffusion 
process.  The  general  solution  of  Eq.  (11)  contains  an  expo¬ 
nentially  decaying  part,  with  respect  to  the  spin-diffusion 
length.  For  rfui'^Xs^i,  which  includes  the  cases  of  di„<P  (ho¬ 
mogeneous  limit)  and  di„^P,  the  solution  to  Eq.  (11)  is 
simple;  all  the  quantities,  e.g.,  chemical  potentials,  are  peri- 


i 


I 
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odic  functions  with  a  period  of  d;„,  so  that  the  exponential 
decay  within  the  length  of  di„  is  negligible  and  one  can  ne¬ 
glect  the  right  side  of  Eq.  (11). 

We  should  point  out  that  if  one  neglects  spin-diffusion 
processes,  this  does  not  imply  that  one  is  omitting  the  spin 
accumulation  or  magnetization  buildup.  Li  fact,  the  magne¬ 
tization  buildup  is  largest  when  one  neglects  spin-flip  pro¬ 
cesses.  One  can  easily  check  this  conclusion  by  calculating 
the  chemical  potential  difference  ii^(z)-  from  one 

layer  to  the  next;  the  variation  is  largest  when  the  spin- 
diffusion  length  is  infinite.  Most  experiments  are  actually  in 
this  limit.  Therefore,  our  original  model’  predicated  on  ne¬ 
glecting  spin-flip  processes  can  be  used  to  analyze  data  on 
multilayered  structures  currently  being  studied.  The  diffusion 
equation  begins  to  play  a  role  when  the  layer  thicknesses  are 
comparable  to  the  spin-diffusion  length.  In  this  case,  one  is 
in  the  local  limit  because  the  mean-free  path  is  much  smaller 
than  the  layer  thicknesses.  It  is  precisely  in  this  limit  that  the 
diffusion  equation,  Eq.  (10),  has  been  derived.  However, 
when  Xmfp  is  comparable  with  Xsdi>'°  additional  terms  in  Eqs. 
(5)  and  (10)  will  appear,  and  the  derivation  presented  here 
fails.  The  derivation  for  the  vertex  corrections  and  effective 
fields  where  Xn,fp«=Xs(i|  will  be  presented  elsewhere.” 

In  summary,  we  have  shown  that  a  linear  response 
theory  of  transport  for  CPP  is  able  to  reproduce  the  spin- 
diffusion  equations  derived  in  the  thermodynamic  approach, 
provided  one  is  in  the  limit  where  the  concept  of  spin  diffu¬ 
sion  makes  sense,  i.e.,  far  fewer  spin-flip  scattering  processes 
than  non-spin-flip  ones,  so  that  X^fp-^Xs^i.”  When  Xn,fp  is 
comparable  to  Xj^i ,  the  concept  of  spin  diffusion  is  not  valid 
nor  are  the  spin-diffusion  equations.  From  this  derivation, 
we  can  unequivocally  respond  in  the  affirmative  as  to 
whether  linear  response  theory’’^  accounts  for  the  spin  accu¬ 
mulation,  attendant  to  charge  driven  through  regions  of  in¬ 
homogeneous  magnetization,  i.e.,  the  case  of  CPP  of  mag¬ 
netic  multilayered  structures.  For  currents  in  the  plane  of  the 
layers  (CIP)  there  is  no  spin  accumulation,  provided  the  size 
of  the  ■‘»netic  domains  in  the  layers  are  larger  than  the 
spin-dkI-.*»ion  length.  The  reason  is  that,  in  the  direction  of 
magnetic  inhomogeneities  perpendicular  to  the  layers,  there 
is  no  net  charge  transpo,5  for  CIP. 

While  not  a  difference  in  results,  there  is  one  in  outlook 
between  the  linear  response  and  thermodynamic  approaches. 
In  linear  response  theory  single-site  (local)  spin-flip  pro¬ 


cesses  contribute  on  an  equal  footing  with  nonlocal  spin-flip 
processes  due  to  magnons;  although  they  produce  quite  dif¬ 
ferent  results,  and  we  have  not  discussed  magnons  in  this 
paper.  In  the  thermodynamic  approach  the  single-site  spin- 
flip  processes  contribute  to  changing  the  magnetization  po¬ 
tential  and  nonequilibrium  magnetization,  wnile  the  magnons 
contribute  as  momentum  conserving  spin-flip  processes,  and 
are  accounted  for  by  the  potentials  that  fix  the  currents.  This 
distinction  that  appears  in  the  thermodynamic  approach  is  a 
result  of  discriminating  between  spin  accumulation  and  elec¬ 
tric  currents.  This  may  be  useful  in  spin  injection  experi¬ 
ments,  where  one  applies  spin-polarized  (charge  and  magne¬ 
tization)  currents  to  a  system.  However,  for  CPP  in  magnetic 
multilayered  structures,  magnetization  cunents  develop  only 
inside  the  structures;  these  convert  the  external  electric  field 
into  the  internal  fields  seen  by  the  electrons.  When  the  me¬ 
dium  is  magnetized  or  when  the  scattering  of  the  electrons  is 
spin  dependent,  these  effective  internal  fields  are  spin  depen¬ 
dent.  This  accounts  for  both  the  electric  and  magnetization 
currents  that  develop  in  CPP  in  magnetic  multilayered  struc¬ 
tures. 
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structure  and  giant  magnetoresistance  in  sputtered  and  MBE  grown  Fe/Cr 
superiattices  (invited)  (abstract) 

Ivan  K.  Schuller  and  David  M.  Kelly 

Physics  Department  0319,  University  of  California,  San  Diego,  La  Jolla,  California  92093-0319 

R.  Schad,  M.  Potter,  and  Y.  Bruynseraede 

Katholieke  Universiteit  Leuven,  B-3001  Leuven,  Belgium 

We  have  performed  a  comparative  study  of  Fe/Cr  superiattices  prepared  by  sputtering  and  molecular 
beam  epitaxy.  Detailed  structural  and  magnetic  measurements  show  that  structural  parameters  are 
important  in  controlling  the  magnitude  of  the  magnetoresistance.  X-ray  diffraction  results  show  that 
films  grown  by  molecular  beam  epitaxy  (MBE)  and  sputtering  are  structurally  different,  and 
corresponding  to  these  differences  are  large  changes  in  the  values  of  the  magnetoresistance  and  its 
dependence  on  Cr  thickness.  The  results  indicate  a  strong  dependence  of  the  magnetoresistance  on 
the  structure  of  the  superiattices. 


Work  supported  by  NSF-DMR  92-01698  at  U.C.S.D.  and  Grant  No.  88/93- 
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Direct  measurement  of  spin  dependent  mean  free  paths 
in  metals  (abstract) 

Bruce  A.  Gurney,  Virgil  S.  Speriosu,  Harry  Lefakis,  Dennis  R.  Wilhoit,  and  Omar  U.  Need 

IBM  Research  Division,  Almaden  Research  Center,  650  Harry  Road,  San  Jose,  California  95120-6099 

We  describe  results  obtained  using  a  new  spin  valve  structure  that  is  specifically  designed  to 
measure  the  spin  up  and  spin  down  mean  free  paths  in  ferromagnetic  metals.  We  report  how  these 
mean  free  paths  can  be  measured  more  directly  and  with  greater  accuracy  than  previous  methods, 
which  were  based  mostly  on  indirect  evidence  from  magnetoresistance  in  ternary  alloys.  The 
technique  is  based  on  the  “backed”  spin  valve  layered  structure:  substrate/seed/80  A  FeMn/50  A 
NiFe/23  A  Cu/20  A  NiFe/f  A  b/50  A  Ta  where  the  back  layer  of  material  b  with  thickness  t  is 
probed  by  the  rest  of  the  structure,  which  forms  a  spin  polarized  conduction  electron  source.  As  t  is 
varied  the  majority  carrier  mean  free  path  Xj  in  the  layer  b  is  obtained  directly  from  the  form  taken 
by  the  change  in  film  conductance  between  parallel  and  antiparallel  magnetization  states,  AC, 
whose  solution  of  the  Boltzmann  transport  equation  shows  is  well  approximated  by  the  form 
AG  =  AGo+AGft{l-exp([r-f^]//3\b)},  where  AGq  arises  from  the  20  A  NiFe  layer,  t,,  is  the 
high  resistivity  region  of  intermixing  at  the  b  layer  inteffaces,  and  from  observations  with 
b =Cu.  The  minority  carrier  mean  free  path  in  a  ferromagnetic  layer  b,  X^,  is  obtained  by  comparing 
AG  and  X^  with  AG',  and  X^,,  of  a  nonmagnetic  b'  layer  of  similar  resistivity  to  b;  it  is  a  less 
direct  measurement  than  that  of  X^  since  it  relies  on  the  connection  between  conductivity  and  mean 
free  path  for  the  minority  subband.  We  have  obtained  room  temperature  results  for  NigoFe2o 
(X^=46±3  A-  0<X<6  A),  Fe  (X^  =  15±2  A,  X=21±5  A),  and  Co  (X''^=55±4  A,  0<X<8  A).  The 
connection  of  spin  dependent  conductivity  and  mean  free  paths  in  ferromagnetic  metals  is  crucial  in 
exploring  the  mechanism  of  giant  magnetoresistance  and,  more  broadly,  is  central  in  all  theories  of 
transport  in  magnetic  metals;  this  new  technique  should  prove  a  powerful  tool  in  measuring  these 
fundamental  quantities. 
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Giant  magetoresistance  in  epitaxiai  sputtered  Fe/Cr(211)  superiattices 
(abstract) 

M.  J.  Conover,  Eric  E.  Fullerton,  J.  E.  Mattson,  C.  H.  Sowers,  and  S.  D.  Bader 

Materials  Science  Division,  Argonne  National  Laboratory,  Argonne,  Illinois  60439 

We  report  giant  magnetoresistance  (GMR)  as  high  as  150%  at  4.2  K  in  epitaxial  Fe/Cr  superiattices. 

S  -nples  prepared  by  magnetron  sputtering  on  MgO(lOO)  produced  the  expected  Fe/Cr(100) 
orientation;  however,  deposition  on  MgO(llO)  produced  a  novel  (211)  low-miller-index  orientation. 

The  crystallographic  orientations  and  superlattice  nature  of  the  samples  were  confirmed  by  both 
low-  and  high-angle  x-ray  diffraction.  The  Fe/Cr(211)  superiattices  have  an  in-plane  uniaxial 
anisotropy  (/tf/=9X10*  ergs/cm^)  along  the  Fe[0il]  which  give  the  sample  a  rich  magnetic 
behavior.  The  GMR  with  the  cunent  along  the  [Oil]  is  '«20%  higher  than  that  along  the  [ill] 
direction  of  the  (211)  plane.  The  GMR  for  the  (211)  superiattices  shows  four  oscillations  with  Cr 
thickness.  Both  orientations  shows  the  expected  long-period  oscillation  of  18  A  Cr  and  a  GMR 
increase  by  a  factor  a  4  when  cooled  from  room  temperature  to  4.2  K. 


This  work  was  supported  by  the  U.S.  Department  of  Energy,  BES-Materials 
Sciences,  under  Contract  VV-31-109-ENG-38. 
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Compositional  dependence  of  the  structural  and  magnetic  properties 
of  RMnSb  films 

R.  Carey,  H.  Jenniches,  D.  M.  Newman,  and  B.  W.  J.  Thomas 

Centre  for  Data  Storage  Materials,  Coventry  University,  Coventry,  CVl  5FB,  United  Kingdom 

Nonstoichiometric,  Pt  deficient,  PtMnSb  films  have  been  investigated  for  evidence  of  the  increase 
in  coercivity  suggested  by  the  work  of  Marinero  [Appl.  Surf.  Sci.  43,  117  (1989)].  Structural, 
magnetic,  and  magneto-optic  properties  of  thin  PtMnSb  films  of  different  compositions  annealed  in 
under  30  s  using  a  rapid  thermal  processing  (RTP)  system  [Carey  et  al,  IEEE  Meeting  on  Current 
Topics  in  Applied  Magnetism,  Keele  University,  4  November  1992  (unpublished).  Paper  15;  J. 

Magn.  Soc.  Jpn.  17,  290  (1993)],  have  been  determined.  It  is  shown  that  the  crystalline  texture  of 
the  films  can  be  controlled  by  adjustments  in  composition  and  RTP  time  and  that  Pt  deficiency 
produces  increases  in  coercivity.  The  production  of  coercivity  does  not  correlate  with  the  marked 
changes  in  texture  but  appears  to  be  associated  with  the  development  of  MnSb  phases  within  the 
PtMnSb  microstructure. 


INTRODUCTION 

The  Heusler  alloy  PtMnSb  is  a  half-metallic  ferromagnet 
that,  in  its  crystalline  stoichiometric  form,  exhibits  the  largest 
polar  Kerr  rotation  at  room  temperature  of  all  known  metal¬ 
lic  systems.  Following  the  first  report  of  this  large  magneto¬ 
optic  effect  in  the  bulk  material  by  van  Engen  et  al.  in  1983,* 
several  authors  have  presented  details  of  the  preparation  and 
properties  of  the  alloy  in  thin  film  form.^"*  The  large  polar 
Kerr  rotations  of  these  films  at  wavelengths  relevant  to  opti¬ 
cal  storage  are  clearly  of  interest  for  improved  magneto-optic 
readout.  Unfortunately,  thin  films  of  PtMnSb  do  not  possess 
the  magnetic  properties,  e.g.,  perpendicular  anisotropy  and 
high  coercivity,  required  of  magneto-optic  data  storage  ma¬ 
terials.  A  number  of  attempts  have  been  made  to  develop 
significant  perpendicular  aniso>:r>ry.^~*  Limited  success  has 
been  reported  with  the  adoption  of  complex  preparation  tech¬ 
niques.  Extensive  post  deposition  annealing,  necessary  for 
the  development  of  the  crystalline  structure  for  the  material 
to  exhibit  spontaneous  magnetization  and  a  large  polar  Kerr 
effect,  has  been  a  common  feature  of  the  reports.  Annealing 
usually  occurs  in  a  vacuum  at  temperatures  «“500  °C  for  at 
least  one  hour.  Significant  perpendicular  magnetic  anisotropy 
has  only  been  achieved  by  annealing  PtMnSb  thin  films  in  an 
Ar/02  atmosphere  at  450  °C  for  one  hour.^ 


TABLE  I.  The  compositions  of  the  samples  investigated. 


Sample 

No. 

Pt% 

Mn% 

Sb% 

1 

33.7 

34.5 

31.8 

2 

26.6 

39.7 

33.7 

3 

23.7 

40.0 

36.3 

4 

21.6 

42.0 

36.4 

5 

20.4 

42.1 

37.5 

In  this  paper  nonstoichiometric,  Pt  deficient,  PtMnSb 
films  have  been  investigated  for  evidence  of  the  coercivity 
increase  suggested  by  Marinero.* 

EXPERIMENT 

The  PtMnSb  films  used  in  this  study  were  prepared  by 
rf-sputtering  from  mosaic  targets  onto  unheated  glass  sub¬ 
strates  using  a  rf  power  of  30  W  and  an  argon  pressure  of  10 
mTorr.  The  films  were  all  of  similar  thickness  (=“200  nm) 
and  the  different  compositions  were  produced  by  varying  the 
number  of  Pt  squares  placed  on  top  of  a  MnSb  target.  The 
range  of  compositions  prepared  in  this  way  is  shown  in 
Table  1. 

All  samples  were  subjected  to  between  15  and  30  s  heat 
treatment  in  a  rapid  thermal  processing  (RTP)  system.***’*' 
Film  structure  was  determined  using  a  Philips  PW  1700 


FIG.  1.  X-ray  diffraction  structure  of  (a-top)  near-.‘'toichiometric  film 
(sample  1)  and  (b-lower)  Pt  deficient  (sample  5)  film  after  identical  RTP 
treatments. 
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FIG.  2.  (a)  Development  of  PtMnSb  (111)  peak  with  RTF  time,  (b)  Devel¬ 
opment  of  PtMnSb  (111)  texture  with  RTF  time,  (c)  Formation  of  MnSb 
phases  as  measured  by  the  development  of  MnSb  (101)  peak  with  RTF  time. 


X-ray  diffraction  system  and  their  magnetic  and  magneto¬ 
optic  properties  investigated  using  a  vibrating  sample  mag¬ 
netometer  (VSM)  and  polar  Kerr  hysteresis  loop  plotter  op¬ 
erating  at  wavelengths  of  670  and  825  nm. 

RESULTS 

All  as  deposited  films  evidenced  no  x-ray  diffraction 
structure  and  no  magnetic  or  magneto-optic  activity.  After 
MP  the  near  stoichiometric  films  (sample  1)  developed  the 
characteristic  Cl;,  stracture,  displaying  the  nine  significant 
peaks  shown  in  Figure  1(a).  The  dominant  peak  is  the  one 
representing  the  (111)  plane  with  an  intensity  twice  as  large 
as  the  most  significant  of  the  other  peaks,  which  is  attributed 


FIG.  3.  Development  of  out  of  plane  coercivity  with  RTF  time. 


t''  the  (220)  plane.  The  ratio  of  the  two  intensities  for  the 
(111)  and  the  (220)  planes  is  used  as  a  measure  of  the  (111) 
texture  in  the  PtMnSb  films.  In  contrast  the  Pt  deficient 
samples,  after  the  same  RTP,  exhibited  marked  changes  in 
this  (111)  texture  and  evidence  of  growth  of  MnSb  phases,  as 
shown  in  Fig.  1(b)  for  sample  5. 

The  development  of  the  (111)  peak  and  its  texture,  as 
defined  above,  is  displayed  for  all  five  compositions  as  a 
function  of  RTP  time  in  Figs.  2(a)  and  2(b).  In  Fig.  2(b)  the 
texture  is  seen  to  increase  rapidly  with  decreasing  Pt  content 
as  the  (111)  peak  height  increases  and  the  (220)  peak  height 


FIG.  4.  (a)  Development  of  magnetization  with  RTF  time,  (b)  Development 
of  polar  Kerr  rotation  with  RTP  time. 
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ments  in  composition  and  RTP  time.  It  is  also  evident  that 
the  very  marked  changes  in  texture  do  not  produce  a  signifi¬ 
cant  change  in  coercivity  although,  in  agreement  with  the 
suggestion  made  by  Marinero,*  an  increase  in  coercivity  is 
produced  with  Pt  depletion.  However,  the  clear  correlation 
between  the  data  presented  in  Figs.  2(c)  and  3  suggests  that, 
in  line  with  the  work  of  Kunimoto  et  al.^  it  is  the  increase  in 
coercivity  with  the  measured  development  of  MnSb  phases 
in  the  Pt  deficient  PtMnSb  films  that  is  of  significance.  Al¬ 
though  the  Pt  deficient  samples  exhibit  some  reduction  in 
polar  Kerr  rotation  it  still  remains  relatively  large. 
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FIG.  5.  VSM  hysteresis  loops  (out-of-plane)  for  four  different  compositions 
after  30  s  RTP. 

decreases  for  processing  times  in  excess  of  20  s.  Figure  2(c) 
demonstrates  the  development  of  MnSb  phases  in  the  most 
Pt  deficient  samples  by  plotting  the  growth  of  the  identified 
MnSb  (101)  peak  with  processing  time. 

The  corresponding  variation  of  out  of  plane  coercivity 
with  RTP  time  is  shown  in  Fig.  3  and  the  variations  in  mag¬ 
netization  and  polar  Kerr  rotation  in  Figs.  4(a)  and  4(b).  Ex¬ 
amples  of  the  out  of  plane  VSM  hysteresis  loops  obtained 
for  the  various  compositions  after  30  s  RTP  are  presented 
in  Fig.  5. 

DISCUSSION 

The  above  results  indicate  very  clearly  that  the  texture  of 
PtMnSb  films  can  be  effectively  controlled  by  small  adjust- 
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TbFe  films  were  produced  by  ion  beam  deposition  both  with  and  without  300  eV  secondary  ion 
bombardment  (SIB).  The  magnetic  properties  and  microstructures  of  the  films  were  investigated. 
SIB  was  found  to  increase  the  perpendicular  anisotropy  coefficient,  but  decrease  the 
mapetization-coercivity  product  energy  product)  of  the  films.  The  microstructure  of  the 

films  changed  dramatically;  the  film  made  in  the  absence  of  SIB  is  amorphous  while  the  film  made 
with  SIB  during  deposition  consists  of  nanocrystals  in  an  amorphous  matrix. 


I.  INTRODUCTION 

It  has  been  shown  that  secondary  ion  bombardment 
(SIB)  during  deposition,  which  is  generally  called  ion  as¬ 
sisted  deposition,  can  alter  the  growth,  density,  and  appear¬ 
ance  of  vapor-deposited  films.* 

This  paper  compares  the  magnetic  properties  and  micro¬ 
structures  of  ion-beam-deposited  (IBD)  TbFe  films  made 
with  and  without  300  eV  SIB. 

II.  EXPERIMENTAL 

A  dual  ion  beam  system^  was  used  to  prepare  specimens 
for  this  study.  Base  pressure  prior  to  deposition  was 
^5X10”*  Torr.  The  Ar  working  gas  pressure  during  deposi¬ 
tion  was  3X10"“*  Torr.  The  Fe-Tb  films  were  sandwiched 
between  thin  (15-20  nm)  SiC  films  for  environmental  pro¬ 
tection.  The  primary  ion  beam  energy  was  650  eV  with  a 
total  beam  current  of  230  mA;  this  yields  an  =3  nm/min 
Fe-Tb  deposition  rate  over  the  planetary  swept  area.  The 
secondary  ion  source  was  operated  at  300  eV  energy  and  an 
average  total  current  of  30  mA;  it  is  estimated  that  this  cor¬ 
responds  to  an  average  current  density  of  =“  10  pAIcnC  at  the 
substrates.  The  secondary  ion  beam  incidence  angle  is  '=»45® 
to  the  substrate  surface  normal.  Fe-Tb  film  chemistry  was 
determined  by  inductively  coupled  plasma  analysis  (ICP). 

MH  loops  were  measured  using  a  vibrating  sample  mag¬ 
netometer;  torque  measurements  45°  to  the  film  normal  as  a 
function  of  applied  field^  were  used  to  determine  the  uniaxial 
magnetic  anisotropy  constant,  Ku. 

Microstructural  characterization  of  the  films  was  carried 
out  by  transmission  electron  microscopy  (TEM)  using 
JEOL200CX  and  2010  microscopes  operated  at  200  kV.  Se¬ 
lected  area  diffraction  and  high  resolution  bright-field  imag¬ 
ing  were  the  primary  modes  of  operation.  Microbeam  dif¬ 
fraction  with  a  probe  size  of  »2  nm  was  also  employed.  A 
film  stack  of  SiQ/TbFe/SiQ  was  deposited  on  TEM  grids 
with  SiO  support  films,  NaCl(lOO)  single  crystals,  and 
Si(lOO)  wafers.  The  first  two  substrates  were  used  for  plane 
view  observation  while  the  Si  wafers  were  used  for  cross- 
sectional  TEM  specimen  preparation  and  magnetic  property 
measurements.  The  films  grown  on  NaCl  substrates  were 
prepared  for  observation  by  ‘’oating  off  in  water  and  trans¬ 
ferring  to  TEM  grids.  Cross-section  view  samples  were  pre¬ 
pared  by  dimpling  and  ion  beam  milling. 


Diffraction  patterns  and  Kikuchi  lines  from  the  Si  crystal 
substrate  were  used  to  align  the  specimens  with  the  incident 
electron  beam  nearly  parallel  to  the  substrate  surface. 

III.  RESULTS  AND  DISCUSSION 

A.  Specimen  A;  IBD  TbFe  film  without  SIB  during 
growth 

The  ICP  composition  of  the  specimen  A  film  is  74.1  at.% 
Fe  and  25.9  at.%  Tb.  The  film  exhibits  no  magnetic  compen¬ 
sation  temperature  from  -160  °C  to  the  «145  °C  Curie  tem¬ 
perature,  which  is  consistent  with  its  Fe/Tb  ratio.  Saturation 
magnetization  (Mf)  and  energy  product  {MH^)  at  20  °C  are 
110  emu/cm^  and  2.7X10^  ergs/cm^,  respectively.  The 
squareness  ratio  of  the  loops  is  close  to  one.  The  uniaxial 
anisotropy  constant,  /Cm  =  1.6X10^  ergs/cm^. 

An  electron  micrograph  of  the  specimen  A 
SiCjTbFe/SiC^  film  stack  on  a  SiO  substrate  is  shown  in  Fig. 
1  with  the  corresponding  electron  diffraction  pattern.  The 
TbFe  film  looks  featureless  and  has  one  broad  diffraction 
ring.  The  film  is  most  likely  amorphous. 

Figure  2  shows  a  TEM  cross-sectional  view  of  the  speci¬ 
men  A  film  stack.  The  individual  layers  of  TbFe  and  SiC;^  on 
the  Si  wafer  can  be  seen.  The  region  of  the  TbFe  film  close 
to  the  boundary  with  the  SiC^  layer  looks  darker  than  the 
region  away  from  the  boundary  because  of  the  thickness.  The 
Si  single  crystal  film  shows  the  structure  image  in  the  direc- 


FIG.  1.  Plane  view  of  the  specimen  A  SiC/TbFe/SiC  film  stack  on  SiO 
substrate  and  corresponding  electron  diffraction  pattern. 
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FIG.  2.  Cross-sectional  view  of  the  specimen  A  SiCAT)Fe/SiC  film  stack 
grown  on  a  Si  wafer  (100' 


tion  of  (110).  It  appears  that  the  Si  substrate  surface  is  cov¬ 
ered  by  an  amorphous  SiO_j  layer  around  2  nm  thick.  The 
interface  between  the  SiQ  layer  and  the  TbFe  is  quite  sharp. 
The  SiQ  layer  grown  on  the  Si  substrate  looks  amorphous. 
The  TbFe  film  grown  on  the  SiC  film  does  not  have  colum¬ 
nar  structures  and  looks  featureless.  The  film  is  most  likely 
amorphous. 

B.  Specimen  B:  IBD  TbFe  film  with  SIB  during  growth 

The  ICP  composition  of  the  specimen  B  film  is  79.8  at.% 
Fe  and  20.2  at.%  Tb.  The  reduced  Tb  concentration  of  this 
film  relative  to  that  of  specimen  A  is  probably  due  to  prefer¬ 
ential  sputtering  of  the  Tb  by  the  secondary  ion  flux.**  The 
film  exhibits  a  magnetic  compensation  temperature  of 
- 130  ®C.  Saturation  magnetization  (A/j)  and  energy  product 
{MHc)  at  20  °C  are  45  emu/cm^  and  1.3X10*  ergs/cm*,  re¬ 
spectively.  The  squareness  ratio  of  the  loops  is  close  to  one. 
The  uniaxial  anisotropy  constant,  Ku,  is  =“2.2X  10*  ergs/cm*. 
We  have  observed  that  SIB  generally  Increases  Ku  in  IBD 
TbFe  films  over  a  range  of  compositions. 

The  microstructure  of  the  specimen  A  and  B  films  is 
remarkably  different.  Figure  3  is  a  plane  view  of  the  speci¬ 
men  B  SiQ/TbFe/SiC  film  stack  on  a  SiO  substrate,  along 
with  the  corresponding  diffraction  pattern.  The  TbFe  film 
contains  dark  particles  or  clusters  of  «*2  nm  in  size  in  an 
amorphous  matrix.  The  diffraction  pattern  is  composed  of  a 
strong  broad  ring  which  is  broader  than  for  the  specimen  A 
TbFe  film,  and  exhibits  a  sharp  intensity  decline  at  the  outer 
rim  of  the  ring.  The  diffraction  pattern  shows  that  the  film 
structure  is  significantly  changed  by  SIB.  The  sharp  intensity 
drop  is  considered  to  indicate  the  existence  of  small  crystal¬ 
lines  in  the  film. 

Figure  4  shows  the  cross-sectional  view  of  the  specimen 
B  film  stack.  The  SiC  films  are  most  likely  amorphous.  The 


FIG.  3.  The  plane  view  of  the  specimen  B  SiC/TbFe/SiC  film  stack  on  SiO 
substrate  and  corresponding  electron  diffraction  pattern. 

cross-sectional  view  of  the  TbFe  film  also  reveals  nm 
clusters  in  the  amorphous  matrix,  which  is  consistent  with 
the  data  from  the  plane  view.  The  fact  that  the  clusters  are 
seen  both  in  the  plane  and  cross-sectional  views  indicates 
that  the  clusters  are  not  an  artifact  of  TEM  sample  prepara¬ 
tion  or  post-deposition  oxidation.  There  is  no  evidence  for 
columnar  structure  in  the  films. 

Figure  5  shows  a  highly  magnified  micrograph  of  the 
TbFe  film.  The  film  contains  2-3  nm  size  nanocrystals  with 
lattice  fringes  as  shown  by  arrows.  It  is  certain  that  the  film 
contains  nanocrystals.  The  microbeam  diffraction  pattern 
from  the  dark  clusters  in  the  specimen  B  TbFe  film  is  shown 
in  Fig.  6(a);  the  presence  of  diffracted  spots  indicates  the 
dark  regions  are  nanocrystals.  On  the  other  hand,  microbeam 
diffraction  from  the  light  portions  reveals  diffuse  rings  char¬ 
acteristic  of  amorphous  materials  as  shown  in  Fig,  6(b). 

Inspection  of  the  Figs.  1-6  micrographs  clearly  demon¬ 
strates  that  the  SIB  has  resulted  in  a  microstructural  transfor¬ 
mation  from  what  appears  to  be  an  entirely  amorphous  struc¬ 
ture  (specimen  A)  to  an  amorphous  matrix  containing  a 
nominally  uniform  distribution  of  nanocrystals  (specimen  B). 

The  presence  of  nanocrystals  of  a-Fe  or  Co  in  TbFeCo 
films  made  by  sputtering  has  also  been  reported.*  Phase 


FIG.  4.  The  cross-sectional  view  of  the  specimen  B  SiCAhFe/SiC  film  stack 
grown  on  a  Si  wafer  (100). 
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FIG.  5.  High  resolution  electron  micrograph  of  the  specimen  B  TbFe.  Ar¬ 
rows  indicate  nanocrystals  with  lattice  fringes. 


separation  on  a  2.5-3.5  nm  scale  as  a  function  of  the  sub¬ 
strate  bias  voltage  also  have  been  observed  in  GdCoAu  thin 
films.®  We  are,  however,  unaware  of  any  previous  direct  evi¬ 
dence  that  SIB  can  induce  crystal  formation  in  RE-TM  al¬ 
loys  such  as  TbFe.  SIB  may  be  a  useful  tool  for  microstruc¬ 
ture  control  in  RE-TM  films  such  as  TbFe. 

We  speculate  the  reason  why  the  ion  assisted  IBD  film 
contains  nanocrystals  in  the  amorphous  matrix  as  follows; 


« 


FIG.  6.  Microbeam  diffraction  patterns  from  the  dark  portion  (a)  and  from 
the  light  portion  (b)  of  Fig  5. 


ion  bombardment  played  a  role  of  making  nucleation  sites 
for  the  formation  of  the  nanocrystals,  because  ion  bombard¬ 
ment  can  create  surface  defects  which  act  as  nucleation  sites 
for  depositing  film  atoms.’  It  is  also  known  that  ion  bom¬ 
bardment  of  a  growing  film  can  influence  crystalline 
orientation.®’^ 

Several  investigators  have  shown  that  ion  bombardment 
during  growth  can  influence  the  magnetic  properties  of  rare 
earth-transition  metal  (RE-TM)  alloys.’®"®''  For  example  the 
uniaxial  magnetic  anisotropy  constant  Ku  was  explained  in 
terms  of  selective  resputtering  of  atoms  in  different  surface 
sites. However,  none  of  the  models  considered  a  struc¬ 
ture  containing  nanocrystals.  We  propose  a  possible  model  in 
which  the  presence  of  nanocrystals  may  affect  Ku  of  the 
films  made  with  SIB,®  and  other  magnetic  properties. 
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Optical  and  magneto-optical  constants  of  Pr  substituted  TbFeCo  films 
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Optimization  of  tri-  or  quadrilayer  magneto-optic  recording  media  requires  knowledge  of  the  optical 
and/or  magneto-optical  constants  for  all  of  the  individual  active  or  passive  layers  that  together 
comprise  the  complete  disk  structure.  The  optical  (n+ik)  and  first-order  magneto-optical 
(Qi+iQi)  constants  for  two  series  (i)  (Tb23Fe725C04.5)ioo-*Prx.  (»)  (Tb27Fe65Cog),oo-:tPr;c  of  Pr 
substituted  TbFeCo  films,  for  which  x  varies  between  0  and  30,  have  been  determined  by  a 
combination  of  ellipsometry  and  Kerr  polarimetry.  Ellipsometry  has  also  been  used  to  determine 
independently  the  optical  constants  of  the  optimized  SiN  passivation  layers  developed  to  protect 
these  samples.  Using  constants  determined  experimentally  on  thick  samples,  the  variation  of  the 
polar  Kerr  rotation  and  ellipticity  as  a  function  of  magnetic  film  thickness  has  been  calculated  for 
light  incident  from  both  the  air  and  substrate  side  of  a  typical  trilayer  magneto-optic  disk  structure 
in  which  material  from  the  above  series,  the  magnetic  and  thermomagnetic  properties  of  which  have 
been  previously  reported  [Carey  et  al,  J.  Magn.  Magn.  Mater,  (to  be  published)],  forms  the  active 
storage  layer.  The  agreement  obtained  with  measurements  demonstrates  the  self-consistency  of  the 
modeling  process  and  the  validity  of  the  determined  constants. 


INTRODUCTION 

Practical  magneto-optic  (MO)  rare  earth-transition 
metal  (RE/TM)  based  recording  media  typically  consist  of 
tri-  or  quadrilayer  structures  in  which  a  thin  layer  of  active 
RE/TM  material  is  sandwiched  between  dielectric 
protection/passivation  layers  and  usually  backed  by  a  thin 
metallic  reflector.  Optimization  of  the  readout  properties  of 
such  structures  requires  the  ability  to  model  the  magneto¬ 
optical  behavior  of  the  RE/TM  material  as  a  function  of  film 
thickness.  This  in  turn  requires  knowledge  of  the  optical  and 
magneto-optical  constants  of  the  RE/TM  material.  Determi¬ 
nation  of  these  constants  for  such  reactive  material  is  not 
simple.  Measurements  must  either  be  made  in  situ  immedi¬ 
ately  following  preparation  or  through  the  essential 
protection/passivation  layers  if  the  sample  is  to  be  removed 
from  the  preparation  system. 

In  this  paper  we  report  the  determination  of  the  optical 
and  magneto-optical  constants  for  two  series  (i) 
(Tb23Fe72.5Co4,5)ioo-xPr^.  (»)  (Tb27Fe65Co8),oo-^Pr^  of  Pr 
substituted  TbFeCo  films  in  which  x  varies  between  0  and  • 
30.  All  samples  are  identically  protected  between  passivation 
layers  of  SiN  prepared  by  rf  magnetron  sputtering  from  a 
Si3N4  target  in  a  9.5  mT  Ar/N2  (10:1)  atmosphere.  The  thick¬ 
ness  and  optical  constants  of  the  protection  layers  were  in¬ 
dependently  determined. 

A  detailed  description  of  the  preparation  and  analysis  of 
the  samples,  together  with  their  magnetic  and  thermomag¬ 
netic  properties,  has  already  been  reported.* 

EXPERIMENTAL  TECHNIQUES 

The  samples  used  for  the  determination  of  the  optical 
and  magneto-optical  constants  were  all  80  nm  thick  and  pro¬ 
tected  above  and  below  by  SiN  passivation  layers  15  nm 
thick. 

The  ellipsometer  used  for  the  optical  measurements  is  a 
semiautomated  null  instrument  operating  over  the  wave¬ 
length  range  400-850  nm.  Initially  it  was  used  to  measure 
the  optical  constants  of  a  single  SiN  layer,  the  thickness  of 


which  had  been  previously  determined  by  a  multiple  beam 
interferometric  technique.  Ellipsometric  measurements  on 
the  SiN  coated  RE/TM  films  were  then  made  through  the 
SiN.  Values  for  n  and  k  were  then  evaluated  over  the  above 
spectral  range. 

Further,  a  previous  publication’  has  presented  the  mea¬ 
sured  normal  incidence  polar  Kerr  rotation  and  ellipticity 
ejt  for  these  samples  at  the  diode  laser  wavelengths  of  670 
and  825  nm,  and  from  these  values  (together  with  the  optical 
constants  of  the  SiN  overlayer  and  the  magnetic  layer)  the 
complex  magneto-optical  constants  (Q)  of  the  magnetic  lay¬ 
ers  were  calculated,^ 


RESULTS  AND  DISCUSSION 

Table  1  shows  the  ellipsometric  parameters  and  derived 
optical  constants  obtained  from  a  128-nm-thick  silicon  ni¬ 
tride  layer  deposited  onto  a  glass  substrate  as  a  function  of 
wavelength  in  the  range  400-825  nm.  For  comparison  it  is 
noted  that  Serenyi  etal?  give  /i  =  1.65  and  A:=0.12  at  830 
nm  for  equivalent  sputtering  conditions. 


TABLE  1.  The  measured  ellipsometric  parameters  and  optical  constants  for 
a  reactively  sputtered  silicon  nitride  film  (128  nm)  deposited  onto  a  glass 
substrate. 


Wavelength 

(nm) 

Principal 
angle  (deg) 

Principal 
azimuth  (deg) 

n 

k 

450 

59.64 

3.96 

1.81 

0.020 

500 

60.19 

4.78 

179 

0.025 

550 

60.74 

5.16 

1.77 

0.090 

600 

61.01 

5.28 

1.73 

0.125 

650 

61.19 

5.29 

1.71 

0.135 

670 

61.19 

5.32 

1.70 

0.140 

700 

61.20 

5.34 

1.69 

0.155 

750 

61.02 

5.52 

1.67 

0.170 

800 

60.80 

5.58 

1.65 

0.175 

825 

60.60 

5.62 

1.64 

0.180 
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TABLE  11. 

(Tb23Fe72^Co4  5) 

The 

lOO-aPfi 

optical 

constants 

(,n,k)  for 

the 

series 

Wave¬ 

length 

TbFeCo 

0%Pr 

TbFeCoPr 

6%Pr 

TbFeCoPr 
11%  Pr 

TbFeCoPr 
16%  Pr 

(nm) 

n 

k 

n 

k 

n 

k 

n 

k 

450 

2.05 

2.10 

2.05 

2.45 

2.25 

2.85 

2.10 

2.30 

500 

2.40 

2.65 

2.10 

3.00 

2.40 

3.00 

2.15 

2.35 

550 

2.50 

3.00 

1.95 

3.25 

2.45 

3.25 

2.00 

2.80 

600 

2.65 

3.65 

2.00 

3.30 

2.50 

3.30 

2.25 

2.85 

650 

2.50 

3.55 

2.25 

3.05 

2.55 

3.45 

2.15 

2.85 

670 

2.55 

3.60 

2.45 

3.55 

2.60 

3.60 

2.15 

3.00 

700 

2.55 

3.65 

2.60 

4.05 

2.65 

3.65 

2.10 

3.35 

750 

2.10 

3.60 

2.30 

4.05 

2.40 

4.00 

2.15 

3.75 

800 

2.15 

3.85 

2.15 

4.05 

2.45 

4.30 

2.20 

4.30 

825 

2.20 

3.95 

2.25 

4.15 

2.50 

4.35 

2.25 

4.35 

Tables  II  and  III  similarly  show  the  optical  constants 
obtained  for  the  Pr  substituted  TbFeCo  samples  that  consti¬ 
tute  series  (i)  and  (ii),  respectively.  In  comparison  with  some 
results'*"®  reported  in  the  literature  the  results  for  the  real  part 
of  the  refractive  index  (n)  appear  a  little  on  the  low  side  at 
the  longer  wavelengths  (650-825  nm),  although  other 
results’  agree  more  closely  to  those  presented  here  in  this 
range.  The  radically  different  nature  of  the  multitarget  scan¬ 
ning  preparation  process'  may  be  significant  when  compar¬ 
ing  the  present  results  with  most  in  the  literature. 

Values  evaluated  for  the  first-order  magneto-optic  con¬ 
stants  Qj  and  Q2  are  tabulated  in  Tables  IV  and  V.  At  this 
time  there  are  no  Q  values  for  Pr  substituted  TbFeCo  avail¬ 
able  for  direct  comparison  but  values  for  the  base  TbFeCo 
alloys  are  in  good  agreement  with  those  quoted  elsewhere. 
Atkinson  era/.,*  for  example,  have  given  values  of 
Qi  =“0.016  and  02*** “0.005  for  Tb27Fe52CO|i  at  614  nm 
while  McGahan  et  al.^  reporting  on  Tb2o,3Fe7i  jCog  at  670 
nm  cite  -0.024  and  g2‘“0.004.  The  sign  reversal  be¬ 
tween  these  two  measurements  is  due  to  the  reversal  in  polar 
Kerr  rotation  between  RE  and  TM  dominant  material. 

Using  the  experimentally  evaluated  values  of  the  optical 
and  magneto-optical  constants  the  thickness  dependence  of 
the  polar  Kerr  rotation  and  ellipticity  have  been  calculated 
for  both  series  of  Pr  substituted  TbFeCo  compositions  at  the 


TABLE  III.  The  optical  constants  {n,k)  for  the  series 

(Tb27Fe65Co8)|(,o-,Pr, . 

TbFeCo  TbFeCoPr  TbFeCoPr  TbFeCoPr 
Wave-  pj  Pj  p^ 

length  _  _  _ _  _ 


(nm) 

rt 

k 

n 

k 

n 

k 

n 

k 

450 

2.25 

2.55 

2.20 

3.65 

2.15 

300 

2.30 

3.10 

500 

2.45 

2.70 

2.10 

3.70 

2.25 

3.30 

2.50 

3.30 

550 

2.50 

3.00 

2.15 

4.30 

2.25 

3.80 

2.60 

3.65 

600 

2.55 

2.85 

2.25 

4.00 

2.30 

4.00 

2.55 

4.10 

650 

2.55 

3.05 

2.40 

4.10 

2.35 

4.30 

2.70 

4.25 

670 

2.60 

3.15 

2.50 

4.15 

2.35 

4.40 

2.70 

4.35 

700 

2.65 

3.25 

2.55 

4.15 

2.40 

4.45 

2.70 

4.50 

750 

2.50 

3.70 

2.50 

4.80 

2.25 

4.65 

2.50 

4.95 

800 

2.35 

3.80 

2.45 

4.55 

2.20 

5.05 

2.40 

5.45 

825 

2.40 

3.80 

2.40 

4.60 

2.20 

5.10 

2.45 

5.50 
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TABLE  IV.  The  magneto-optical  constants  for  the  series 

(^23^^72  5^4s)lOO-jtPt>  • 


TbFeCo  TbFeCoPr  TbFeCoPr  TbFeCoPr 
0%  Pr  6%  Pr  11%  Pr  16%  Pr 


Wavelength 

(nm) 

C. 

Q2 

Gi 

O2  Gi 
{xio*^} 

G7 

G, 

G2 

670 

12.2 

-4.1 

8.4 

-5.1 

6.5 

-4.3 

4.3 

-2.4 

825 

15.1 

-2.1 

12.4 

-0.8 

11.1 

-2.7 

6.8 

-1.0 

two  laser  wavelengths  of  the  Kerr  polarimeter.  Figure  1  com¬ 
pares  the  calculated  thickness  dependence  of  this  magneto¬ 
optic  behaviour  for  both  the  free  surface  (FS),  and  through 
the  glass  substrate  (BS)  side  of  the  material,  with  experimen¬ 
tal  measurements  made  on  films  of  varying  thickness  for  the 
composition  Tb23Fe72.5Co4  5  at  a  wavelength  of  825  nm.  Fig¬ 
ure  2  makes  a  similar  comparison  between  calculated  and 
experimental  data  for  (Tb23Fe72.5Co4  5)g9Pr]i-  The  form  of 
these  results  is  typical  of  the  samples  in  both  series  (i)  and 
(ii).  It  can  be  seen  that  these  plots  establish  that  there  is  an 
acceptable  correspondence  between  calculated  and  experi¬ 
mental  data,  thereby  demonstrating  the  self-consistency  of 
the  evaluated  material  constants  used  in  this  modeling  pro¬ 
cess. 

Moreover,  it  is  clear  that  the  substitution  of  Pr  into 
TbFeCo  alloys  degrades  their  magneto-optic  behavior,  at 
least  for  these  compositions  and  wavelengths.  An  interesting 
feature  though,  to  emerge  from  this  investigation  is  the  large 
increase  in  ellipticity  with  decreasing  MO  film  thickness  in 
these  structures,  being  particularly  large  from  the  substrate 
side  of  the  film.  To  a  lesser  extent  there  is  a  similar  enhance¬ 
ment  to  the  Kerr  rotation  from  the  substrate  side  of  these 
films. 

These  through  the  substrate  enhancements  to  6k  and  Ck 
are  simply  explained  by  the  limited  coherence  length  of  the 
diode  laser  radiation  («1  mm)  used  in  the  Kerr  polarimeter 
relative  to  the  thickness  of  the  glass  substrate  (1.2  mm).  The 
resultant  noncoherency  of  the  light  within  the  MO  layer  sys¬ 
tem  for  the  substrate  measurement  can  then  be  computed  to 
*be  the  cause  of  the  improvement  in  MO  signal.  The  free 
surface  measurement  does  not  similarly  suffer  as  the  film 
thickness  is  very  much  less  than  this  coherence  length. 

CONCLUSION 

The  effective  modeling  of  trilayer  structures  relevant  to 
practical  MO  media  has  been  demonstrated  using  experimen- 

TABLE  V.  The  magneto-optical  constants  (QitQ^)  for  the  series 
(Tb27Fe65Cog)|oo-  ;,Prj ,  for  .t =30  no  polar  Kerr  signal  could  be  obtained. 


TbFeCo  TbFeCoPr  TbFeCoPr 

0%  Pr  8%  Pr  14%  Pr 


Wavelength 

(nm) 

G. 

Gr 

Gi  G: 

{XIO'^} 

G, 

G2 

670 

11.7 

-6.4 

14.1 

-5.3 

11.2 

-4.4 

825 

13.3 

-4.6 

17.7 

-1.6 

14.6 

-1.9 
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FIG.  1,  The  measured  and  calculated  polar  Kerr  rotation  and  ellipticity  from 
the  free  surface  (top)  and  through  the  glass  substrate  (bottom)  for 
TbyFe725Co4  5  with  film  thickness  at  825  nm, 


tally  evaluated  optical  and  magneto-optical  constants.  The 
substitution  of  Pr  into  TbFeCo  is  shown  not  to  enhance  the 
magneto-optic  behavior. 
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FIG.  2.  The  measured  and  calculated  polar  Kerr  rotation  and  ellipticity  from 
the  free  surface  (top)  and  through  the  glass  substrate  (bottom)  for 
('n)yFe725Co4,5)8,Pr,|  with  film  thickness  at  825  nm. 
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Thermal  stability  of  NdGd/FeCo  multilayers 

X.  Y.  Yu,  T.  Suganuma,  H.  Watabe,  S.  Iwata,  S.  Tsunashima,  and  S.  Uchiyama 

Department  of  Electronics,  Nagoya  University,  Nagoya  464-01,  Japan 

Thermal  stability  has  been  investigated  for  the  structure  and  the  perpendicular  anisotropy  of 
Nd44Gd56/Fe89Coii  multilayer  films  with  the  bilayer  period  of  1  nm,  where  becomes  the 
maximum.  From  the  results  of  isothermal  annealing  at  temperature  Tg ,  it  has  been  found  that  the 
saturation  magnetization  M,  scarcely  changes  up  to  7’a=400  “C,  while  is  almost  constant  up  to 
Ta=200  °C  but  decreases  rather  quickly  for  above  200  °C.  The  decrease  in  K„  for  Ta>260  °C 
is  accompanied  by  the  decrease  in  the  peak  intensity  of  low  angle  x-ray  diffraction,  namely  by  the 
deterioration  of  the  layered  structure. 


INTRODUCTION 

Rare  earth  (RE)-transition  metal  (TM)  amorphous  films, 
especially  Tb-FeCo  films,  are  now  commercially  used  as  me¬ 
dia  for  magneto-optic  (MO)  recording.  In  order  to  increase 
the  recording  density,  shorter  wavelength  light  such  as  687  or 
532  nm  is  going  to  be  used  in  the  next  generation  MO  re¬ 
cording.  As  is  well  known,  the  Kerr  rotation  of  Tb-FeCo, 
hence  the  figure  of  merit  for  readout,  decreases  with  decreas¬ 
ing  wavelength,  and  development  of  new  media  with  a  larger 
Kerr  rotation  at  a  shorter  wavelength  has  been  desired.  In 
this  connection,  it  was  found  that  the  MO  effect  of  Nd-Co 
and  Pr-Co  amorphous  films  became  larger  than  those  of 
heavy  RE-Co  films  at  a  shorter  wavelength  around  500 
nm.*"^  However,  since  the  magnetization  of  (Nd,Pr)-TM 
films  is  larger  than  that  of  heavy  RE-TM,  it  is  very  difficult 
to  prepare  perpendicularly  magnetized  films. 

Some  efforts  have  been  made  on  multilayer  films  with 
perpendicular  magnetization  by  using  interfacial 
anisotropy**’®  such  as  Nd/Fe®  and  NdCo/Fe.  We  have  pre¬ 
pared  Nd36Gd64/Fe89Con  and  Pr36Gd64/Fe89Coii  multilayers 
with  good  Kerr  hysteresis  loop,  which  is  expected  as  a  can¬ 
didate  for  the  next  MO  media.®’’  However,  like  other  MO 
media,  we  should  be  attentive  to  the  thermal  stability  of  the 
multilayers,  especially  interfacial  structure.  In  this  paper, 
thermal  stability  of  the  structure  and  the  anisotropy  is  re¬ 
ported  for  NdGd/FeCo  multilayers. 


EXPERIMENTAL  METHOD 

Ail  films  under  investigation  were  prepared  on  glass  or 
fused  quartz  substrate  by  rf  diode  sputtering  method  as  de¬ 
scribed  in  Ref.  6.  A  bilayer  period  of  multilayer  (ML)  films 
was  chosen  as  10  A,  where  the  perpendicular  anisotropy  be¬ 
comes  the  maximum  as  shown  in  Refs.  6  and  7.  The  thick¬ 
ness  ratio  of  ?he  RE  layer  to  the  TM  one  is  1:1.  The  ML  films 
with  total  thickness  of  1200  A  were  covered  by  a  SiAlON 
layer  to  prevent  the  films  from  oxidation.  Compositionally 
modulated  structure  and  crystal  structure  have  been  con¬ 
firmed  by  low  angle  and  high  angle  x-ray  diffractometry, 
respectively.  Magnetization  and  anisotropy  were  measured 
by  a  vibrating-sample  magnetometer  and  a  torque 
magnetometer.  Annealing  was  done  under  a  vacuum  below 
5X10"®  Torn 


RESULTS  AND  DISCUSSION 

Figures  1  and  2  show  the  patterns  of  x-ray  diffraction  at 
low  and  high  angle,  respectively.  It  is  seen  that  the  peak 
intensity  at  low  angle  becomes  smaller  with  increasing  an¬ 
nealing  temperature  while  the  patterns  of  high  angle  have 
scarcely  changed  at  the  annealing  temperatures  below 
370  °C.  The  decrease  of  the  low  angle  peak  intensity  means 
that  interdiffusion  occurs  and  compositionally  modulated 
structure  gradually  changes  into  a  uniform  structure. 

From  the  fact  that  some  peaks  appear  at  high  angle  after 
annealing,  we  can  say  that  the  amorphous  film  is  crystallized 
above  450  ®C. 

In  Fig.  3,  the  change  of  the  perpendicular  magnetic  an¬ 
isotropy  Ku  with  annealing  time  is  shown.  The  values  of 
are  almost  constant  by  annealing  at  100  and  185  ®C.  By  an¬ 
nealing  at  around  300  ®C,  the  anisotropy  seemed  to  be  de¬ 
creased  with  annealing  time,  and  at  400  ®C  it  was  drastically 
reduced  within  half  an  hour. 

The  change  of  the  saturation  magnetization  with  the  an¬ 
nealing  time  is  shown  in  Fig.  4.  In  contrast  to  the  change  in 


8.0  10.0 
2  0  (deg.) 


FIG.  1.  X-ray  diffraction  patterns  at  low  angle  for  Nd44Cd5^Fes9CO||  mul¬ 
tilayers  annealed  at  different  temperatures  for  1  h. 
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FIG.  2.  X-ray  diffraction  patterns  at  high  angle  for  Nd44Gd5^Fe89Co,|  mul¬ 
tilayers  annealed  at  different  temperatures  for  1  h. 


FIG.  3.  Perpendicular  magnetic  anisotropy  as  a  function  of  annealing 
lime  for  Nd44Gd5ft/Fc89CO||  multilayers. 


FIG.  5.  Dependence  of  perpendicular  magnetic  anisotropy  and  saturation 
magnetization  Af,  on  the  annealing  temperature 

anisotropy,  the  saturation  magnetization  did  not  change  with 
annealing  time  up  to  400  ®C.  At  450  °C,  however,  it  became 
slightly  larger  with  annealing  time  and  increased  abruptly  at 
500  “C. 

The  dependence  of  the  anisotropy  and  the  saturation 
magnetization  on  the  annealing  temperature  is  shown  in  Fig. 
5  for  the  annealing  time  of  1  h.  The  change  starts  around  200 
and  400  °C  for  the  anisotropy  and  the  saturation  magnetiza¬ 
tion,  respectively.  The  difference  between  the  change  of  the 
anisotropy  and  the  magnetization  may  come  from  the  differ¬ 
ence  in  the  mechanism.  For  example,  anisotropic  structures 
of  atoms  at  the  interface  of  multilayers  are  said  to  be  of  the 
origin  of  the  perpendicular  anisotropy  while  the  effective 
composition  of  magnetic  atoms  is  thought  to  decide  the  satu¬ 
ration  magnetization. 

The  relationship  between  the  anisotropy  and  the  first 
peak  intensity  in  low  angle  x-ray  diffraction  is  shown  in  Fig. 
6,  where  C/Cq  show  the  first  peak  intensity  after  annealing 
normalized  with  that  before  annealing.  The  samples  plotted 
here  are  confined  to  the  films  annealed  at  temperatures  below 


FIG.  4.  Saturation  magnetization  A/,  as  a  function  of  annealing  time  for 
Nd44Gd5</Fc89CO|,  multilayers. 


FIG.  6.  The  relationship  between  the  perpendicular  magnetic  anisotropy 
and  the  normalized  intensity  of  the  low  angle  first  peak,  C/Cg  for 
Nd44Gd5g/Fe89Co,|  multilayers. 
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400  °C,  where  the  films  keep  the  amorphous  structure.  Since 
the  Ku  decreases  with  decreasing  C/Cq,  it  is  suggested  that 
the  Ku  is  closely  related  to  and  enhanced  by  the  composi- 
tionally  modulation  structure.®’^ 


CONCLUSION 

Thermal  stability  of  structure  and  magnetic  properties 
has  been  investigated  for  GdNd/FeCo  multilayers.  The  satu¬ 
ration  magnetization  scarcely  changes  for  annealing  tem¬ 
peratures  up  to  r„=400°C,  while  decreases  rather 
quickly  for  1^5=300  °C.  The  decrease  in  for  ra>300  ®C 
is  accompanied  by  the  decrease  in  the  peak  intensity  of  low 


angle  x-ray  diffraction,  namely  by  the  deterioration  of  the 
layered  structure,  suggesting  that  is  closely  related  to 
modulation  structure. 
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Physical  and  magnetic  microstructure  of  rapid  thermally  annealed  thin  film 
bismuth-doped  garnets 

W.  R.  Eppler,  B.  K.  Cheong,  D.  E.  Laughlin,  and  M.  H.  Kryder 

Vata  Storage  Systems  Center,  Carnegie  MeVon  University,  Pittsburgh,  Pennsylvania  15213 

Bismuth-doped  iron  garnets  are  promising  materials  for  blue  light  magneto-op^ic  recording  media. 

These  materials  have  been  deposited  on  glass  substrates  with  bulk  magnetic  and  magneto-optic 
properties  suitable  for  magneto-optic  recording.  However,  these  films  exhibit  a  very  low  carrier  to 
noise  ratio  (CNR)  when  crystallized  in  conventional  furnaces.  The  low  CNR  is  due  to  the  inability 
to  write  circular  domains  in  these  materials.  Rapid  thermal  annealing  (RTA)  has  been  reported  to 
produce  films  with  a  much  finer  grain  size.  We  have  confirmed  by  transmission  electron  microscopy 
that  RTA  does  indeed  reduce  the  grain  size  over  an  order  of  magnitude  from  films  crystallized  in  a 
conventional  furnace.  Faraday  microscopy  has  shown  that  films  processed  by  RTA  with  smaller 
grain  size  (~30  nm)  support  circular  magnetic  domains  of  much  greater  regularity  than  films 
crystallized  in  conventional  furnaces.  The  improved  regularity  of  static  thermomagnetically  written 
domains,  in  films  crystallized  by  RTA,  lends  promise  that  the  noise  in  these  materials  can  be 
reduced. 


INTRODUCTION 

Bismuth-substituted  iron  garnets  are  promising  short 
wavelength  magneto-optic  recording  materials  since  they 
have  a  strong  magneto-optic  effect  at  wavelengths  less  than 
550  nm.'  Shono  etal?  demonstrated  that  bismuth- 
substituted  garnet  films  grown  on  single  crystal  GGG  sub¬ 
strates  exhibit  54  dB  o^  CNR  (30  kHz  bandwidth,  5  MHz 
writing  frequency,  14  m/s  linear  velocity,  514  nm  wavlength, 
and  1.4  /im  bit  length).  The  single  crystal  GGG  substrates 
are  expensive  and  limited  in  size  so  a  more  practical  sub¬ 
strate  is  needed.  Garnet  films  deposited  on  glass  disks,  crys¬ 
tallized  in  situ  by  deposition  at  dcvu*  cd  temperatures,  or  by 
post-deposition  annealing  have  exhibited  low  CNR’s  due  to 
high  media  noise.  The  media  noise  is  due  in  part  to  the 
inability  to  write  regular  circular  domains  when  the  grain 
size  is  comparable  to  the  magnetic  domain  size.^  The  mag¬ 
netic  domain  walls  follow  the  grain  boundaries  thus  the  ir¬ 
regularity  in  domain  shape  is  a  result  of  the  average  grain 
size  being  of  the  order  of  the  written  domain  size. 

Much  effort  has  been  made  to  control  the  grain  size  and 
film  morphology  through  different  dopants,'*’*  underlayers,*’^ 
and  annealing  schedules^’"  with  only  limited  success.  Suzuki 
era/.'”  reported  that  rapid  thermal  annealing  (RTA),  a  pro¬ 
cess  which  employs  arc  lamps  or  flash  lamps  as  the  thermal 
source  and  can  provide  heating  rates  as  high  as  200  °C/s,  was 
successful  in  reducing  th*^  grain  size  to  about  30  nm.  in  a 
transmission  electron  micioscope  (TEM)  study  Bechevet 
eta/."  observed  an  inhomogeneous  microstructure  of  large 
crystallites  (450  nm)  embedded  in  a  matrix  of  small  crystal¬ 
lites  (35  nm)  ii.  cerium-substituted  iron  garnets  crystallized 
by  RTA.  The  purpose  of  this  work  w  as  to  confirm  Suzuki ’s 
results  for  bismuth-substituted  garnets  and  to  determine  if 
the  reduced  grain  size  enables  regularly  shaped  magnetic  do¬ 
mains  to  be  written  in  these  materials. 

EXPERIMENTAL  7^TAILS 

Thin  films  were  deposited  by  rf  magnetron  sputtering 
onto  Corning  No.  7059  glass  substrates  with  the  sputtering 


conditions  listed  in  Table  1.  The  as-deposited  films  were 
amorphous  and  were  crystallized  by  either  conventional  an¬ 
nealing  at  670  ®C  for  3  h  in  an  air  atmosphere  or  by  RTA  in 
an  AG  Associates  610i  heat  pulse  system  with  a  heating  rate 
of  100  °C/s  and  a  dwell  time  of  2  min  at  710  °C  in  a  nitrogen 
atmosphere. 

Microstructural  investigations  were  conducted  on  planar 
ion-milled  specimens  in  a  Philips  420  T  TEM.  Micromag- 
netic  investigations  were  conducted  using  Faraday  micros¬ 
copy  (50X0.5  or  125X0.8  NA)  with  an  argon  ion  laser  (\ 
=488  nm),  modulated  by  an  electro-optic  modulator,  as  the 
writing  source. 

RESULTS  AND  DISCUSSION 

A  TEM  image  of  a  film  annealed  in  a  conventional  fur¬ 
nace  is  shown  in  Fig.  1.  This  film  has  a  polycrystalline  mi¬ 
crostructure  with  a  grain  size  of  the  order  of  1  /im.  A  Fara¬ 
day  microscope  image  of  thermomagnetically  written 
domains  in  this  film  using  a  writing  power  of  20  mW,  pulse 
width  of  1  /iS,  and  a  bias  field  of  70  Oe  is  shown  in  Fig.  2. 
The  written  domains  are  clearly  irregularly  shaped.  In  a  pre¬ 
vious  paper*  it  was  shown  that  the  domain  walls  are  located 
along  grain  boundaries,  thus  the  film  microstructure  plays  a 
dominant  role  in  determining  the  written  domain  shape.  Fur¬ 
ther,  it  was  shown  that  for  films  crystallized  by  post¬ 
deposition  annealing  the  garnet  phase  nucleated  at  sites 


TABLE  1.  rf  magnetron  sputtering  conditions. 


Target  Composition: 

Gd2Bi|Fe4  2^^  2^12 

rf  power 

0.57  W/cm^ 

Bleed  gas 

Argon 

Bleed  pressure 

5  mTorr 

Base  pressure 

5X10-^  Torr 

Deposition  rate 

150  nm/h 

Deposition  time 

2h 
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FIG.  1.  Brighi  field  TEM  micrograph  of  garnel  film  annealed  in  a  conven¬ 
tional  furnace  at  670  °C  for  3  h  in  an  air  atmosphere. 

spaced  approximately  1  /im  apart  which  grew  rapidly  until 
they  impinged  upon  one  another  forming  the  grain  bound¬ 
aries.  Therefore,  the  grain  size  is  controlled  by  the  density  of 
garnet  nuclei  obtained  before  significant  grain  growth  could 
occur, 

A  TEM  image  of  an  identical  film  crystallized  by  RTA  is 
shown  in  Fig.  3.  The  average  grain  size  is  approximately  30 
nm  in  agreement  with  Suzuki’s  results  measured  by  scanning 
tunneling  microscopy  and  x-ray  diffraction.  No  evidence  was 
found  of  the  inhomogeneous  microstructure,  of  large  crystal¬ 
lites  imbedded  within  a  matrix  of  smaller  crystallites,  ob¬ 
served  by  Bechevet.  A  Faraday  microscope  image  of  do¬ 
mains  written  in  this  film  using  identical  writing  conditions 
as  the  conventionally  annealed  sample  is  shown  in  Fig.  4. 
These  domains  are  much  more  circular  than  the  domains 
written  in  the  conventionally  annealed  sample,  which  lends 
promise  that  the  noise  in  these  materials  can  be  reduced. 

These  results  can  be  qualitatively  understood  in  terms  of 
the  effects  of  different  heat  treatments  on  the  nucleation  and 
growth  kinetics  o  the  garnet  phase.  When  the  heating  rate  is 


% 


FIG.  2.  Farada)  itucrog.apli  of  lhcrmomagnctu.dll>  written  domains  m  post- 
dcpostition  annealed  garnet  film  (20  mW  writing  powei,  1  fjis  pulse  width, 
and  70  Oe  bias  field). 
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FIG.  3.  Bright  field  TEM  micrograph  of  a  garnet  film  crystallized  by  RTA 
with  a  ramp  rate  of  100  °C/s  and  a  dwell  of  2  min  at  710  °C  in  a  nitrogen 
atmosphere. 


slow  (~0.1  °C/s)  nucleation  of  the  garnet  phase  will  com¬ 
mence  at  a  relatively  low  temperature.  This  means  that  the 
nucleation  proceeds  under  a  small  driving  force,  thus  leading 
to  a  low  nucleation  rate  (number  of  garnet  phase  nuclei  per 
unit  volume  of  untransformed  region  per  unit  time).  The 
small  number  of  nuclei,  which  occur  at  the  lowest  tempera¬ 
tures,  are  given  time  to  grow  with  the  rising  temperature  and 
consume  other  possible  nucleation  sites.  This  produces  a  low 
effective  nucleation  density  and  therefore  the  large  crystallite 
size  observed  of  approximately  1  /xm. 

In  the  case  of  RTA,  the  rapid  temperature  rise  will  enable 
the  nucleation  to  start  at  a  relatively  higher  temperature  (i.e., 
under  a  larger  driving  force).  Further,  the  rapid  temperature 
rise  does  not  provide  sufficient  time  for  those  nuclei  which 
occur  at  the  lowest  temperatures  to  grow  and  consume  the 
other  possible  nucleation  sites.  This  creates  a  high  effective 
nucleation  density  and  the  fine  grained  microstructure  ob¬ 
served. 


FIG.  4.  Faraday  mn.rugraph  uf  tliermomagneticaliy  written  domains  in  RTA 
crystallized  film  (20  mW  writing  power,  I  /nm  pulse  width,  and  70  Oe 
bias  field). 

Eppler  et  at. 


CONCLUSIONS 

We  have  confirmed  Suzuki ’s  results  that  RTA  signifi¬ 
cantly  reduces  the  crystallite  size  of  bismuth-doped  iron  gar¬ 
net  films  on  glass  substrates.  Further,  we  have  shown  that 
films  crystallized  by  RTA  with  the  smaller  grain  size  support 
circular  magnetic  domains  of  much  greater  regularity  than 
films  crystallized  in  conventional  furnaces.  The  improved 
regularity  of  static  thermomagnetic  written  domains  in  these 
films  lends  promise  that  the  media  noise  problems  of  these 
materials  can  be  solved.  We  believe  the  reduced  grain  size  in 
the  RTA  processed  films  is  a  result  of  improved  nucleation  of 
the  garnet  phase  and  suppression  of  grain  growth  from  the 
rapid  temperature  rise.  A  quantitative  understanding  of  the 
kinetics  of  the  phase  change  in  these  materials  would  be 
helpful  in  determining  the  optimal  heating  rate  and  crystalli¬ 


zation  temperature  and  possibly  point  to  better  methods  of 
controlling  the  crystallite  size  in  these  materials. 
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Uniaxial  anisotropy  of  double-layered  garnet  films  and  magneto-optical 
recording  characteristics 
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Department  of  Electronic  Engineering,  College  of  Science  and  Technology,  Nihon  University, 

Funabashi,  Chiba  274,  Japan 

For  reducing  the  critical  diameter  of  the  written  domain  in  magnetic  garnet  films  for 
magneto-optical  (MO)  recording,  double-layered  garnet  films  were  investigated.  The  coercivity  of 
the  double-layered  garnet  film  was  increased,  when  the  upper  layer  was  crystallized.  This  increase 
of  the  coercivity  is  caused  by  the  increase  of  the  uniaxial  anisotropy  energy.  The  increase  of  the 
uniaxial  anisotropy  energy  also  leads  to  a  decrease  in  the  noise  level  of  the  MO  readout  signal.  As 
a  consequence,  the  critical  diameter  of  written  domains  was  reduced  to  0.2  fim.  This  critical 
diameter  is  smaller  than  the  reading  out  beam  spot  for  the  case  with  a  green  laser  and  a  high 
numerical  aperture  objective  lens.  The  garnet  films  are  sufficient  for  high  density  next  generation 
MO  recording. 


INTRODUCTION 

The  fundamental  characteristics  required  of  magneto¬ 
optical  (MO)  recording  media  are  high  carrier  to  noise  ratio 
(CNR)  and  high  memory  density.  The  high  density  is  accom¬ 
plished  by  small  written  domains  and  a  small  beam  spot  for 
reading  out  which  is  achieved  by  using  short  wavelengths.  It 
is  necessary  for  the  candidates  of  the  next  generation  of  the 
MO  media  to  have  a  large  MO  effect.  Bi-substituted  garnet 
films  are  excellent  media  for  MO  recording  memory,  because 
the  figure  of  merit  of  the  Bi-substituted  garnet  film  is  3-6 
times  as  large  as  those  of  the  multilayered  Co/Pt  and  the 
conventional  TbFeCo  media  at  a  wavelength  of  515  nm.  The 
figure  of  merit  is  defined  as  the  value  of  the  Faraday  or  Kerr 
rotation  angle  multiplied  by  the  reflection  coefficient,  and  it 
is  directly  proportional  to  the  MO  readout  signal  strength. 
CNR  of  the  garnet  films  \.as  improved  by  reducing  the  grain 
size,'  improving  homogeneity  of  the  film,^  and  using  the 
double-layered  structure.^  However,  there  are  no  reports  of 
the  critical  diameter  of  written  domains  of  garnet  films  for 
MO  recording. 

For  the  purpose  of  improving  the  memory  density,  the 
critical  diameter  of  written  domains  was  reduced  by  using 
the  double-layered  film.  This  decrease  of  the  critical  diam¬ 
eter  is  caused  by  the  increase  of  the  coercivity  The 
mechanism  of  increasing  the  //<.  was  clarified  by  investigat¬ 
ing  the  uniaxial  anisotropy  energy  . 


EXPERIMENTAL 

The  under  layer  of  the  Bio.9Dy2,iFe4  2Alo,80,2  garnet 
films  doped  with  1  at.  %  of  Rb  was  prepared  by  pyrolysis  on 
glass  substrates.  The  films  were  post-annealed  for  crystalli¬ 
zation,  and  the  diameter  of  the  grain  of  the  Rb-doped  garnet 
films  was  approximately  30  nm.'  After  the  crystallization  of 
the  under  layer,  the  upper  layer  of  the  garnet  films  was  pre¬ 
pared  by  pyrolysis.  The  upper  layer  was  also  post-annealed 
for  crystallization. 

The  critical  diameter  is  determined  by  the  following:'* 
d,=aJiM,XH,),  (1) 


where  cr,^  is  the  wall  energy  density,  is  the  saturation 
magnetization,  and  is  the  coercivity.  a„,  is  derived  from 
the  exchange  stiffness  constant  and  the  uniaxial  anisotropy 
energy  A'„ .  The  values  of  Af  j ,  //<. ,  and  were  measured  by 
a  vibrating  sample  magnetometer,  a  torque  magnetometer,^ 
and  a  Faraday  hysteresis  loop  tracer,  respectively.  The  ex¬ 
change  stiffness  constant  at  room  temperature  was  approxi¬ 
mated  by  using  the  Curie  temperature  of  the  film.®  was 
measured  by  the  dependence  of  Faraday  rotation  coefficient 
on  temperature. 

The  crystallization  kinetics  of  the  upper  layer  were 
evaluated  by  Johnson,  Mehl,  and  Avrami  as  follows: 

x=l-exp[-(I:Xr„)''],  (2) 

where  x  is  the  transformation  quantity,  tg  is  the  annealing 
time,  k  is  the  rate  constant,  and  n  is  the  Avrami  exponent. 
Since  the  models  of  the  crystallization  kinetics  have  been 
reported  for  the  values  of  the  Avrami  exponent  the  crys¬ 
tallization  kinetics  can  be  determined  by  the  values  of  n.  The 
transformation  quantity  x  from  the  amorphous  phase  to  the 
crystalline  phase  was  determined  by  the  change  of  the  Fara¬ 
day  rotation  coefficient  of  the  films. 

The  MO  recording  and  reading  characteristics  were  mea¬ 
sured  by  using  515  nm  in  wavelength  of  Ar  ion  laser.  CNR 
was  measured  under  the  condition  as  follows.  A  frequency 
and  a  duty  cycle  for  writing  pulse  were  500  kHz  and  50%, 
respectively.  Linear  velocity  of  the  films  was  5.2  m/s.  Band¬ 
width  of  a  spectrum  analyzer  was  10  kHz. 

RESULTS  AND  DISCUSSION 

To  know  the  crystallization  kinetics  of  the  upper  layer, 
the  Avrami  exponent  n  for  the  upper  layer  was  obtained  from 
the  Avrami  plot  as  shown  in  Fig.  1.  The  value  of  n  for  the 
upper  layer  is  approximately  one.  The  model  of  the  crystal¬ 
lization  for  n  =  1  is  diffusion  controlled  growth  of  cylinders 
in  an  axial  direction.  This  model  of  the  upper  layer  is  differ¬ 
ent  from  the  model  of  the  single  layer,  which  is  the  disk¬ 
shaped  diffusion  controlled  growth  with  a  constant 
thickness.®  It  was  confirmed  by  using  a  transmission  electron 
microscope  that  the  grain  shape  of  the  cylinders  was  ob¬ 
served  in  a  cross-sectional  image.^  The  activation  energy  Eg 
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FIG.  1.  The  Avrami  plot  for  the  upper  layer  of  BiojDyj  ,Fe4  jAIq  8O12  garnet 
on  the  under  layer  of  1  at.  %  of  Rb-doped  BioqDy2,,Fe4  2Alo80i2  garnet. 
Avrami  exponent  n  is  approximately  one.  The  thickness  of  the  upper  and 
under  layers  are  100  nm,  respectively. 


of  the  upper  layer  for  crystallization  was  derived  from  the 
Arrhenius  plot  as  shown  in  Fig.  2.  The  value  of  Ea  is  due  to 
both  the  processes  of  nucleation  and  growth  of  the  nucleated 
crystallites.  The  value  of  of  the  upper  layer  is  4.7  eV, 
while  E„  of  the  under  layer  is  5.3  eV.  This  difference  of  E^  is 
probably  caused  by  the  difference  of  the  nucleation  mecha¬ 
nism  between  the  upper  and  under  layer.  As  a  result,  the 
model  of  the  crystallization  kinetics  seems  to  be  interpreted 
as  follows.  The  crystallites  of  the  upper  layer  are  nucleated  at 
the  surface  of  the  grain  of  the  under  layer,  and  the  crystallites 
grow  along  the  film  normal  with  the  shape  of  cylinders. 

To  increase  the  memory  density  of  garnet  films,  it  is 
important  to  increase  and  He .  We  found  the  effect  that 
He  was  increased  without  a  change  of  by  using  a  double¬ 
layered  film  as  shown  in  Fig.  3.  He  was  increased  to  3  kOe. 
He  of  the  under  layer  before  the  deposition  and  crystalliza¬ 
tion  of  the  upper  layer  was  1.8  kOe.  After  the  coating  of  the 
upper  layer  without  annealing.  He  of  the  double  layer  was 
not  changed.  However,  He  was  increased  to  3.0  kOe  after  the 
10  min  annealing  for  the  double-layered  film. 
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FIG.  2.  The  Arrhenius  plots  for  the  under  layer  of  1  at  %  of  Rb-doped 
Bio,Dy2iFe4  2AI(,80|2  garnet  and  the  upper  layer  of  Bifl9Dy2iFc4  2Al08Oi2 
garnet  on  the  under  layer.  The  activation  energy  £„  for  the  under  and  upper 
layer  is  5  3  and  4  7  eV,  respectively.  The  thicknesses  of  the  upper  and  under 
layers  are  100  nm.  respectively. 


FIG.  3.  The  dependence  of  the  coercivity  He  and  the  uniaxial  anisotropy 
energy  of  the  double-layered  garnet  film  on  the  annealing  time  for  the 
crystallization  of  the  upper  layer.  The  composition  of  the  under  layer  is  1 
at.  %  of  Rb-doped  Bio9Dy2iFe4  2Alo80i2  garnet.  The  annealing  temperature 
and  time  of  the  under  layer  are  630  °C  and  3  h.  The  composition  of  the 
upper  layer  is  Bio9Dy2,|Fe4  2Alo80i2  garnet.  The  annealing  temperature  of 
the  upper  layer  is  610  “’C.  The  thicknesses  of  the  upper  and  under  layers  are 
100  nm,  respectively. 


To  know  the  reason  why  H.  was  increased,  the  depen¬ 
dence  of  Ku  on  the  annealing  time  was  measured,  as  shown 
in  Fig.  3.  While  of  the  under  layer  was  1.0X10'*  ergs/cm^ 
Ku  is  increased  to  1.4X10'*  ergs/cm^  after  only  a  short  an¬ 
nealing  time.  Since  this  dependence  of  is  very  similar  to 
the  change  of  He ,  the  increase  of  He  may  be  caused  by  the 
increase  of  . 

This  change  of  Ku  can  result  from  the  shape  anisotropy, 
the  crystal  growth  anisotropy,  or  the  stress-induced  anisot¬ 
ropy.  The  shape  anisotropy  energy  of  the  observed  shape  of 
cylinders  is  0.07X10'*  ergs/cm^.  This  value  of  the  shape  an¬ 
isotropy  energy  is  lower  than  the  change  of  Ku  ■  After  the 
short  annealing  time,  the  total  volume  of  the  crystallized 
grains  of  the  upper  layer  is  3%  of  the  coated  upper-layer 
volume.  This  value  was  estimated  from  the  transformation 
quantity  x  from  the  amorphous  to  the  crystalline  phase.  Since 
the  shape  anisotropy  is  less  than  0.07X10'*  ergs/cm'^,  the 
change  of  is  not  caused  by  the  shape  anisotropy.  For  the 
single-layer  film  after  the  crystallization.  He  was  not 
changed  by  the  additional  annealing.  Therefore,  the  crystal 
growth  anisotropy  of  the  under  layer  does  not  seem  to  be 
increased  by  the  annealing  of  the  upper  layer.  If  tensile  stress 
is  induced  in  the  under  layer,  the  stress-induced  uniaxial  an¬ 
isotropy  energy  will  be  increased,  because  the  magnetostric¬ 
tion  constant  of  the  under  layer  is  negative.  If  the  crystallites 
of  the  Bi-rich  composition  of  the  garnet  are  crystallized  at 
the  surface  of  the  under  layer,  tensile  stress  can  be  induced  in 
the  under  layer.  Therefore,  the  increase  of  of  the  under 
layer  can  be  caused  by  the  increase  of  the  stress-induced 
anisotropy  energy.  However,  it  is  necessary  to  measure  the 
depth  profile  of  the  composition  and  the  internal  stress  for 
the  double-layered  films. 

The  MO  recording  and  reading  characteristics  were  mea¬ 
sured  by  using  515  nm  in  wavelength  of  Ar  ion  laser.  The 
increase  of  Ku  leads  to  the  decrease  in  the  noise  level  for 
reading  out  signal,  because  the  fluctuation  in  the  orientation 
of  magnetic  moments  becomes  lower  by  the  increase  of  Ku 
By  the  effects  of  the  increased  He  and  ,  CNR  of  55  dB 
was  achieved  for  the  double-layered  film  by  using  515  nm  in 
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wavelength  of  Ar  ion  laser,  while  CNR  was  52  dB  for  the 
single-layer  garnet  films.  and  of  the  double-layered 
film  are  1.7  and  1.4  times  as  large  as  those  of  the  single¬ 
layered  film,  respectively,  and  is  0.7  times  as  small  as  the 
value  of  the  single-layer  film.  As  a  result,  the  critical  diam¬ 
eter  dc  was  reduced  to  0.2  /tm.  This  critical  diameter  is 
smaller  than  the  reading  out  beam  spot  for  the  case  with  a 
green  laser  and  a  high  numerical  aperture  objective  lens.  The 
garnet  films  are  sufficient  for  high  density  next  generation 
MO  recording. 

CONCLUSIONS 

For  the  purpose  of  improving  the  memory  density,  the 
double-layered  garnet  films  were  investigated.  The  crystalli¬ 
zation  kinetics  of  the  double-layered  garnet  films  was  inves¬ 
tigated,  and  the  model  of  the  crystallization  of  the  upper 
layer  is  the  diffusion  controlled  growth  of  cylinders  in  the 
axial  direction.  The  coercivity  //<.  of  the  garnet  film  was 
increased  and  the  critical  diameter  d^  was  decreased  by  using 
the  double-layered  film.  This  increasing  of  //<.  is  caused  by 
the  increasing  the  uniaxial  anisotropy  energy.  By  using  this 
effect,  the  higher  density  MO  recording  memory  can  be 
achieved.  The  increase  of  the  uniaxial  anisotropy  energy  also 
leads  to  a  decrease  of  the  noise  level  for  MO  reading  out 


signal.  In  the  future,  it  is  necessary  to  measure  the  depth 
profile  of  the  composition  and  the  internal  stress  for  the 
double-layered  films. 
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Anisotropy  and  Faraday  effect  in  Co  spinel  ferrite  films 
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Crystalline  Co  spinel  ferrite  films  were  prepared  by  rf  sputtering  on  glass  substrates  without  buffer 
layer  and  annealed  at  temperatures  from  400  to  600  °C  for  2  h  in  air.  (100)  texture  was  obtained  in 
these  films.  The  anisotropy  constant,  magnetic  hysteresis  loops,  and  magneto-optical  Faraday 
spectra  of  the  films  were  measured.  The  texture  became  poor  when  the  films  were  annealed  below 
500  °C,  but  the  perpendicular  anisotropy  constant  squareness  ratio  R-(MrlMs)J{MrlMs)^ 
increased  and  showed  peak  values  of  2.2X10^  ergs/cm^  and  0.94,  respectively,  at  an  annealing 
temperature  r(,=500'’C.  For  the  film  annealed  at  600  °C  (higher  than  the  Curie  temperature, 
520  ®C,  of  Co  spinel  ferrite),  the  texture  recovered,  but  and  R  dropped.  The  Faraday  rotation 
spectra  of  Co  spinel  ferrite  films  showed  a  broad  peak  centered  around  720  nm.  The  peak  value 
increased  monotonically  with  increasing  annealing  temperature.  These  results  may  be  related  to  the 
Co  ion-induced  anisotropy  and  Co  ion  distribution  in  tetrahedral  sites  and  octahedral  sites. 


I.  INTRODUCTION 

Thin  ferrite  films  have  attracted  much  attention  in  recent 
years  as  one  of  the  candidates  of  magneto-optical  (MO)  re¬ 
cording  media  because  of  their  large  Faraday  effect  and  good 
corrosion  resistance.'  An  important  problem  people  are  con¬ 
cerned  about  is  to  make  ferrite  films  which  meet  the  require¬ 
ments  of  MO  recording  such  as  perpendicular  anisotropy  by 
a  technology  that  is  as  simple  as  possible.  Co  spinel  ferrite 
films  are  promising  candidates  for  having  good  MO  proper¬ 
ties  and  perpendicular  anisotropy. However  the  mecha¬ 
nism  of  perpendicular  anisotropy  and  Faraday  effect  is  not 
quite  certain.  In  this  paper  the  results  of  our  study  on  the 
anisotropy  and  Faraday  effect  of  Co  ferrite  films  made  by  rf 
sputtering  and  annealed  at  different  temperatures  are  re¬ 
ported. 

II.  EXPERIMENTS 

CoFe204  films  were  prepared  by  rf  sputtering  with  a 
sintered  CoFe204  ceramic  target.  The  base  vacuum  was 
7.5X  10~*  Torr.  The  pressure  of  sputtering  gas,  argon,  was  20 
mTorr  without  additional  reactional  oxygen  gas.  The  films 
were  deposited  directly  on  glass  substrates  cooled  by  running 
water.  The  samples  were  annealed  in  temperatures  ranging 
from  400  to  600  °C  for  2  h  in  air  and  rapidly  quenched  to 
room  temperature. 

The  atomic  ratio  between  the  content  of  Fe  and  Co  in  the 
as-sputtered  samples  determined  by  EDXA  was  found  to  be 
about  2:1.  The  structure  and  phase  components  of  the  sample 
were  analyzed  by  x-ray  diffraction  with  CuK^  radiation.  The 
thickness  of  the  films  measured  by  an  optical  interference 
technique  was  about  1  ptm.  The  room  temperature  hysteresis 
loops  of  the  samples  were  measured  by  a  vibrating-sample 
magnetometer  with  applied  fields  up  to  20  kOe.  Torque  mag- 
netometry  was  used  to  determine  the  effective  perpendicular 
anisotropy  constant  of  the  films  with  a  magnetic  field  of 
about  10  kOe.  In  our  experiments,  the  angle  of  the  torque 
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curve  is  that  between  the  magnetic  field  and  normal  direction 
of  the  film.  A  setup  was  established  using  a  polarization 
modulation  technique  to  measure  the  Faraday  rotation  spec¬ 
tra  of  the  films  in  the  range  600-800  nm. 

III.  RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  patterns  of  an  as-prepared  film  and 
films  annealed  at  different  temperatures  are  shown  in  Fig.  1. 
The  patterns  of  all  the  films  show  the  diffraction  lines  corre¬ 
sponding  to  the  spinel  structure.  The  diffraction  pattern  of  an 
as-prepared  sample  exhibits  a  strong  (400)  peak  and  a  weak 
(311)  peak  compared  with  the  diagram  of  isotropic  Co  ferrite 
powder,  indicating  a  texture  of  [100]  axis  perpendicular  to 
the  film  plane.  The  texture  becomes  poorer  with  increasing 
annealing  temperature  below  500  °C.  It  is  noted  that  the 
(100)  texture  develops  again  when  the  annealing  temperature 
reaches  7'o=600°C.  The  same  phenomena  were  also  ob¬ 
served  in  annealed  Coo.8Fe2,204  with  (111)  texture  and 
Coo3Fe2,704  with  (110)  texture  under  the  sarnie  heat  treat¬ 
ment  conditions. 

The  anisotropy  constants  and  Kj^  shown  in  Fig.  2 
were  defined  by  +  2  where  is  the  effective 

perpendicular  anisotropy  constant  determined  from  the  mea¬ 
sured  torque  curves.  The  value  of  A„  increases  with  anneal¬ 
ing  temperature  from  negative  to  positive  and  reaches  a 
maximum  value  of  2.2X10^  ergs/cm^  at  500  °C.  This  trend 
of  variation  is  in  agreement  with  that  of  the  squareness  ratio 
R=(MrlMs)J{MrlMs)\\.  Figure  2  also  displays  the 
change  of  the  squareness  ratio  R  =  {MrlMs)J{MrlMs\ 
with  annealing  temperature.  R  is  determined  by  measuring 
hysteresis  loops  in  both  directions  perpendicular  and  parallel 
to  the  film  plane.  The  change  of  R  with  annealing  tempera¬ 
ture  is  similar  to  that  of  .  The  increase  of  R  and  positive 
A„  indicate  that  perpendicular  anisotropy  developed  in  the 
films  after  annealing. 

The  coercive  forces  {Hcj^)  were  measured  in  a  direction 
perpendicular  to  the  film  plane.  With  increasing  annealing 
temperature,  Hc^  increases  below  annealing  temperature 
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FIG.  1.  X-ray  diffraction  patterns  of  CoFe204  films  annealed  at  different 
temperatures  (r„),  T^=25  (as  prepared),  400,  500,  and  600  ‘’C. 


r„=500“C.  The  variation  of  coercive  force  Hci  with  an¬ 
nealing  temperature  goes  parallel  to  the  change  of  the  per¬ 
pendicular  anisotropy  constant  Ky . 

It  is  worthwhile  noting  that  the  pronounced  (400)  peak 
in  as-sputtered  film  exhibits  a  preferential  orientation  of 
[100]  axis  normal  to  the  film  plane,  which  should  lead  to  a 
positive  perpendicular  anisotropy  constant  in  the  films  ac¬ 
cording  to  the  literature.*  But  the  values  of  Ku  and  R  of 
as-sputtered  films  show  in-plane  anisotropy. 

The  possible  origins  of  the  anisotropy  in  Co  spinel  fer¬ 
rite  films  were  assumed  as  follows:  (1)  shape  anisotropy  of 


FIG.  2.  The  variation  of  anisotropy  constants  and  squareness  ratio 

R  =  {MrlMs)il{MrlMs)f  with  annealing  temperature. 


films,  (2)  thermal  stress-induced  anisotropy,  (3)  crystalline 
anisotropy,  (4)  Co^'*'  induced  uniaxial  anisotropy. 

The  shape  anisotropy  of  films  caused  by  the  demagne¬ 
tizing  field  of  the  film,  expressed  as  has  been 

considered  in  calculating -I- 277^/5^. 

Thermal  stress-induced  anisotropy  may  exist  in  our 
films.  There  is  tensile  stress  in  our  films  prepared  on  glass 
substrates.*  The  effective  anisotropy  constant  due  to  the  ther¬ 
mal  stress  {KJ  is  -3\a/2.  Here  X.  is  the  magnetostriction 
coefficient.  For  Co  spinel  ferrite:  the  (100)  magnetostriction 
coefficient  is  Xioo=“590X10“^''  the  magnetostriction  in 
isotropy  polycrystalline  samples  is  \j=- 110X10”*.  Thus 
thermal  stress  leads  to  a  positive-induced  perpendicular  an¬ 
isotropy  which  should  be  larger  for  the  samples  with  (100) 
texture  and  smaller  for  isotropy  samples.  However  the  stress- 
induced  anisotropy  does  not  conform  with  the  maximum  per¬ 
pendicular  ,  which  appeared  in  the  sample  annealed  at 
500  °C,  in  which  the  (100)  texture  is  poorer,  thus  the  mag¬ 
netostriction  effect  in  the  film  plane  is  smaller.  The  variation 
of  K„  did  not  follow  the  experimentally  observed  variation 
of  K„ .  Thermal  stress-induced  anisotropy  is  therefore  not  the 
main  origin  of  the  presently  observed  variation  with  an¬ 
nealing  temperature. 

Co  spinel  ferrite  is  of  cubic  symmetry  and  has  a  large 
positive  anisotropy  constant  K^,  2.4X10*  ergs/cm^.  [100]- 
type  axes  are  the  easy  magnetization  axes.  The  magnetocrys¬ 
talline  anisotropy  of  the  sample  with  (100)  texture  may  give 
rise  to  a  uniaxial  anisotropy  as  measured  by  torque  magne- 
tometry.  However  the  magnetocrystalline  anisotropy  cannot 
explain  the  large  negative  anisotropy  constants  of  the  films 
with  (100)  icxture  and  there  is  an  inconsistency  between  the 
variation  of  (100)  texture  and  the  measured  perpendicular 
anisotropy.  Therefore  magnetocrystalline  anisotropy  is  not 
the  main  origin  of  the  anomalous  variation  of  anisotropy  in 
the  films  with  T„  either. 

Large  uniaxial  anisotropy  induced  by  magnetic  field  an¬ 
nealing  in  Co  spinel  ferrite  is  well  known.  Penoyer  and 
Bickford*  reported  il;?  mechanism  of  this  induced  anisotropy 
due  to  the  migration  of  the  cobalt  ions.  It  has  been  reported 
that  the  distribution  of  divalent  Co  ions  may  change  with 
thermal  history  of  the  sample.*’’  When  our  films  were  an¬ 
nealed  without  external  magnetic  field,  the  induced  anisot¬ 
ropy  also  existed  in  the  direction  of  the  spontaneous  magne¬ 
tization.  Thus  Co^'*’  induced  uniaxial  anisotropy  cannot  be 
neglected  in  these  films.  The  following  is  our  tentative  idea 
to  explain  our  experimental  results. 

The  magnetization  is  in  the  film  plane  during  sputtering 
and  annealing  because  of  the  demagnetizing  field  of  the  film, 
the  induced  anisotropy  constant  due  to  the  anisotropic  distri¬ 
bution  of  Co^"*^  should  be  negative,  if  present  at  all.  During 
sputtering,  the  substrate  temperature  may  be  as  high  as  about 
300  °C  and  thus  the  as-sputtered  film  crystallizes.  It  is  rea¬ 
sonable  to  assume  that  a  negative-induced  anisotropy  K,  due 
to  the  anisotropic  distribution  of  Co’^  ions  develops  during 
sputtering.  Such  induced  anisotropy  can  also  be  assumed  for 
the  annealing  and  subsequent  quenching  process.  Therefore 
the  total  anisotropy  of  the  films  is  the  sum  of  positive  crys¬ 
talline  anisotropy  Ka,  positive  stress  anisotropy  K„,  and 
negative  K,,  Ku=Ka+K„+K,.  For  the  as-sputtered  film  an 
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FIG.  3.  The  Faraday  spectra  of  Co  spinel  ferrite  films  annealed  at  different 
temperatures. 

absolute  value  of  K,  is  larger  than  Ka+K^  and  may  be  the 
origin  of  negative  ■  For  annealed  films  a  positive  may 
decrease  slightly  due  to  a  slight  decrease  of  (100)  texture  and 
positive  may  increase  due  to  higher  annealing  tempera¬ 
ture,  but  the  magnitude  of  negative  K,  surely  decreases  for 
higher  annealing  temperature  because  i/f,|  is  proportional  to 
the  sqtiare  of  magnetization  at  annealing  temperature 
which  is  lower  for  higher  and  is  inverse  proportional  to 
Tg .  The  increase  of  Kg  from  negative  to  positive,  with  an¬ 
nealing  temperature  for  Ta^^OO'C,  is  mainly  due  to  the 
decrease  of  |/fj.  But  it  remains  a  problem  to  explain  the 
decrease  of  Kg  at  6(X)  “C.  It  may  be  related  to  an  increase  of 
the  number  of  divalent  Co  ions  in  tetrahedral  sites,  which  we 
found  from  the  Faraday  spectra  of  films  reported  below.  The 
single  ion  anisotropy  of  Co^^  in  tetrahedral  site  is 
-79x10“*’  ergs/ion  which  is  -1-850X10“'’  ergs/ion  (at  0  K) 
in  octahedral  site.® 

The  Faraday  spectra  of  prepared  films  shown  in  Fig.  3 
were  measured  in  the  wavelength  range  from  600  to  800  nm. 
A  peak  centered  near  720  nm  in  the  spectra  developed  with 
increasing  annealing  temperature,  reaching  a  maximum 
value  of  3.8X10“*  deg/cm  at  wavelength  720  n;p  when 
7’„=600  °C. 

One  origin  of  the  increase  of  Faraday  rotation  angle  with 
annealing  temperature  is  the  improvement  of  crystal  struc¬ 
ture  including  oxygen  absorption  of  the  film  during  anneal¬ 
ing.  The  improvement  of  crystal  structure  can  be  reflected 
from  the  increase  of  magnetization  with  annealing  tempera¬ 
ture.  The  magnetization  of  as-sputtered  film  is  305  emu/cm^ 
and  increases  to  384  emu/cm®  at  7^=400  °C,  and  400 
emu/cm®  at  7, =600  °C.  The  Faraday  rotation  peak  increases 


more  rapidly  than  the  magnetization  for  7o>400  °C.  Mecha¬ 
nisms  other  than  the  improvement  of  the  crystal  structure 
may  exist. 

The  mechanism  of  enhanced  Faraday  effect  around  720 
nm  in  Co  spinel  ferrites  is  associated  with  the  crystal  field 
transition  of  divalent  cobalt  ions  in  the  tetrahedral  sites.®  De 
Guire  etal}^  reported  the  transformation  of  cobalt  spinel 
ferrite  from  inverse  to  normal  in  a  sample  subjected  to  large 
cooling  rates.  An  increase  of  the  number  of  Co  ions  in  tetra¬ 
hedral  sites  was  reported  to  enhance  the  Faraday  effect  at  a 
wavelength  of  720  nm.*’®’®  An  increase  of  the  number  of 
divalent  cobalt  ions  in  tetrahedral  sites  may  therefore  be  an¬ 
other  reason  for  the  observed  increase  of  the  Faraday  rotation 
in  our  films  annealed  at  higher  temperature. 

IV.  CONCLUSION 

(100)  texture  is  necessary  in  Co  spinel  ferrite  films  to  get 
perpendicular  anisotropy  according  to  the  current 
literature.*’'*  In  contrast,  our  different  experimental  results  in¬ 
dicate  that  the  poorer  (100)  textured  films  exhibit  a  better 
perpendicular  anisotropy.  Thermal  stress-induced  anisotropy 
may  be  one  origin  of  a  positive  perpendicular  anisotropy  in 
our  films.  The  main  reason  of  the  variation  of  the  perpen¬ 
dicular  anisotropy  in  our  films  with  annealing  temperature, 
however,  is  thought  to  be  annealing-induced  anisotropy  and 
Co  ion  distribution  in  tetrahedral  sites  and  octahedral  sites. 
The  increase  of  Faraday  rotation  with  annealing  temperature 
seems  to  have  two  origins:  (a)  the  improvement  of  crystal 
structure,  (b)  the  increase  of  the  number  of  divalent  Co  ions 
in  the  tetrahedral  sites. 
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Magnetic  and  magneto-optical  properties  of  (Tb,Dy)Nd/FeCo  multilayers 
(abstract) 

X.  Y.  Yu  Y.  Fujiwara,  H.  Watabe,  S.  Iwata,  S.  Tsunashima,  and  S.  Uchiyama 

Department  of  Electronics,  Nagoya  University,  Nagoya  464-01,  Japan 

Nd-Co  and  Nd-FeCo  amorphous  films  are  known  to  have  larger  Kerr  rotation  at  shorter 
wavelength  and  ultraviolet  light  compared  with  other  RE-TM  (rare  earth-transition)  amorphous 
films.  This  property  is  desirable  for  MO  (magneto-optical)  media  for  the  next  generation.  In  order 
to  satisfy  the  perpendicular  magnetization  condition,  we  replaced  a  part  of  Nd  by  Gd  to  decrease  the 
saturation  magnetization  Ms  and  applied  the  multilayer  (ML)  structure  to  enhance  the  perpendicular 
anisotropy  Ku.  Then  we  succeeded  in  getting  a  new  ML  medium  of  Ndg  34Gdo.66/Feo.9Coo.i  with  a 
bilayer  period  of  1  nm.  However,  the  substitution  of  66%  Gd  resulted  in  undesirable  decreases  of 
Kerr  rotation  and  coercivity.  In  this  experiment,  a  part  of  Nd  is  replaced  by  either  Tb  or  Dy  instead 
of  Gd  with  an  expectation  that  the  amount  of  replacement  to  get  the  perpendicular  magnetization 
configuration  may  be  smaller  since  Tb  and  Dy  have  large  one  ion  anisotropy  compared  with  Gd.  The 
magnetic  and  MO  properties  of  Nd(Tb,Dy)/FeCo  MLs  will  be  reported.  In  the  case  of  Tb,  for 
example,  a  square  Kerr  hysteresis  loop  is  obtained  by  the  substitution  of  about  40%.  However, 
at  400  nm  is  about  0.30°,  which  is  larger  than  that  of  Tb-FeCo  but  smaller  than  NdGd/FeCo  MLs. 


Magnetization  reversal  dynamics  in  CoPt  alloys  and  Co/Pt  multilayers 
(abstract) 

J.  Valentin  and  Th.  Kleinefeld 

Universitdt  Duisburg,  FBIO/Angewandte  Physik,  D-4100  Duisburg,  Germany 

D.  Weller 

IBM  Almaden  Research  Center,  650  Harry  Road,  San  Jose,  California  95120 

We  have  studied  the  dynamics  of  magnetization  reversal  processes  in  magneto-optic  recording  CoPt 
samples  with  perpendicular  anisotropy.  Thin  films  of  subatomic  layered  Co25Pt75  alloys  as  well  as 
Co/Pt  multilayers  with  total  thicknesses  up  to  300  A  were  investigated.  By  means  of  polar  Kerr 
microscopy  we  were  able  to  obtain  the  magnetic  domain  pattern.  High  temporal  resolution  was 
achieved  by  using  a  rapid  scanning  CCD  camera  system.  Depending  on  film  parameters,  we  found 
wall  motion  dominated  and  nucleation  dominated  magnetic  reversal  processes.  Detailed  a.:alysis  of 
the  domain  topography  shows  evidence  for  a  correlation  of  the  fractal  dimension  of  the  domain 
shape  to  the  macroscopic  coercivity  measured  with  a  VSM  and  conventional  Kerr  hysteresis  loops. 

In  particular,  we  investigated  the  dynamics  of  magnetization  reversal  and  observed  magnetic 
aftereffect  phenomen,’  The  time  constant  of  the  relaxation  of  the  magnetization  is  strongly  affected 
by  the  film  structure  and  by  the  film  thickness.  We  discuss  our  results  in  terms  of  the  theoretical 
relaxation  model  of  Fatuzzo  and  recent  computer  simulations. 


This  work  was  su;  orted  by  Deutsche  Forschungsgemeinschaft  via  Sender- 
forschungsbereich  166. 


7102 


J.  Appl.  Phys.  75  (10),  15  May  1994 


0021-8979/94/75(1 0)/71 02/1/$6.00 


©  1994  American  Institute  of  Physics 


Amorphous  to  polycrystalline  transformation  of  (BiDy)IG  films  (abstract) 

H.  Y.  Zhang.  B.  X.  Gu,  H.  R.  Zhai,  Y.  Z.  Miao,  M.  Lu.  and  T.  Tang 

Physics  Department,  Centre  of  Materials  Analysis,  Nanjing  University,  Nanjing,  China 
H.  B.  Huang 

Analytical  Centre,  Southeast  University,  Nanjing,  China 

(BiDy)Fe50i2  films  in  the  amorphous  state  were  made  by  rf  magnetron  sputtering  from  a  sintered 
Bi2DyFe50i2  ceramic  target  onto  quartz  substrates  and  confirmed  by  x-ray  diffi:action.  The  films 
were  annealed  at  different  temperatures  ranging  fi’om  500  to  800  °C  for  1  h  in  air.  The  crystallization 
temperature  was  about  650  as  measured  by  DTA  method.  Magnetization  M  versus  temperature 
relation  of  well  crystallized  films  showed  both  a  compensation  temperature  Tcomp  (SO  K)  and  Curie 
temperature  Tc  (563  K).  The  M-T  curve  from  1.5  to  600  K  of  amorphous  film  showed  no  definite 
Tc  or  Tcomp't  M  measured  in  a  field  of  20  kOe  decreased  monotonously.  The  Faraday  rotation 
(500-700  nm)  of  amorphous  films  was  small.  Ute  M  and  Faraday  rotation  (633  nm)  increased 
rapidly  at  the  crystallization  temperature.  The  Bi  ion  induced  peak  (550  nm)  in  the  Faraday  spectra 
got  higher  with  the  increasing  annealing  temperature  and  was  up  to  9.14  degree//um.  The  Faraday 
spectra  of  films  annealed  at  650  **€  for  different  times  showed  that  the  films  were  well  crystallized 
after  annealing  for  10  min.  The  optical  absorption  of  the  films  in  the  visible  region  varied  little 
during  the  transformation  from  amorphous  to  polycrystalline. 
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Epitaxial  Bi-content  ferrite-garnet  film  memory  (abstract) 

E.  I.  Il’yashenko 

Applied  Engineering  Systems  (A.E.S.),  Moscow,  Russia 

V.  P.  Klin,  A.  D.  Nickolsky,  and  A.  G.  Solovjov 

Institute  of  Electronic  Materials,  Kaluga,  Russia 

Memory  conception  in  epitaxial  ferrite-gamet  films  on  a  compensation  wall  has  been  developed  in 
recent  work.^  Further  original  solutions  for  memory  element  formation  by  heat  treatment  under  Si 
layers  have  been  found  but  this  method  has  not  been  .used  in  practice  due  to  the  difficulty  of 
reproducing  results.  In  this  work  the  possibility  of  a  memory  matrix  on  the  ferrite-gamet  films  by 
rf  treatment  has  been  investigated.  In  comparison  with  other  work^  this  memory  element  formation 
method  arrived  at  by  an  Ms  decrease  due  to  Ga  redistribution  from  octahedral  into  tetrahedral 
positions  provides  the  possibility  to  decrease  significantly  the  device  power  intensity,  to  increase  the 
speed  of  response,  and  to  simplify  the  designing  and  technology.  The  work  has  been  carried  out  with 
(YBi)3(FeGa)50i2  films  doped  by  Lu,  Tm,  Gd,  Pr,  and  grown  by  the  LPE  method  on  GGG  and 
GGG+CaMgZr  substrates.  The  treatment  mode  and  film  composition  influence  upon  the  element 
switching  stable  threshold  has  been  studied  and  read-only  memory  formation  parameters  have  been 
found.  Experimental  results  of  rf-treatment  influence  upon  epitaxial  layer  magnetic  and 
magneto-optic  features  and  main  display  parameters  (optical  transmission,  contrast,  speed  of 
response)  have  been  provided.  The  possibility  of  element  formation  from  1  up  to  20  fim  with  a 
space  of  12  pm  and  over  has  been  shown.  Figure  1  shows  memory  file  elements  with  60  and  20  pm 
space  between  them. 


'  J.  P.  Krumme,  P.  Hansen;  Appl.  Phys.  Lett.  12,  312  (1973). 

^W.  E.  Ross,  D.  Psaltis,  R.  H.  Anderson;  Proc.  SPIE  341,  191  (1982). 


FIG.  1.  Memory  file  elements  with  60  and  20  ;tm  space  between  them. 
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Ferromagnetism  of  YFe2Hx 

Kazuo  Kanematsu 

The  Physical  Science  Laboratories,  Nihon  University  at  Narashino,  Funabashi,  Chibaken  274,  Japan 

Isothermal  hydrogen  absorption  of  YFe2  at  several  temperatures  forms  four  types  of  hydrides:  S,  y, 
Pi,  and  Pi-  The  5 hydrides  with  an  orthorhombic  MgCu2-type  structure,  YFe2H4.i,  are  ferromagnets 
of  S.S/ifl/f.u.  (YFe2H4 1)  and  r£.=310  K.  The  Mossbauer  spectrum  is  analyzed  with  the  direction  of 
magnetization  along  [111].  The  y  hydride  YFe2H2.4  is  a  rhombohedral-type  ferromagnet  of 
S.Syti^/f.u.  and  7^=500  K.  The  spectrum  is  analyzed  with  the  direction  of  magnetization  along  the 
c  axis.  Both  Pi  hydride  YFe2Hi  9  and  p^  hydrides  YFe2Hi  3  are  rhombohedral-type  fenomagnets  of 
3.5/iB/f.u.  and  1^=570  K.  The  Pi  hydride  shows  a  smooth  decrease  of  magnetization  but  the  Pi 
hydride  shows  a  large  decrease  of  magnetization  between  200  and  400  K.  The  Mossbauer  spectra  of 
both  hydrides  are  analyzed  with  the  direction  of  magnetization  in  the  c  plane.  The  magnetization 
decrease  in  the  Pi  hydride  is  discussed,  assuming  high-  and  low-magnetization  phases. 


I.  INTRODUCTION 

The  cubic  Laves  phase  compound  YFe2  forms  a  hydride, 
YFe2H4,  by  hydrogenation  at  room  temperature.  The  hydro¬ 
genation  brings  an  increase  in  magnetization  and  a  decrease 
of  Curie  temperature.''^  Recently,  four  kinds  of  YFe2H^  hy¬ 
drides  were  found  in  the  isothermal  hydrogen  absorption  at  a 
temperature  of  293  K«7’«573  K.**  The  hydrogenation  at  293 
K  forms  5  hydride  with  an  orthorhombic  Cl 5 -type  of  struc¬ 
ture.  The  hydrogenation  in  323  K«r«423  K  forms  y  hy¬ 
drides  with  a  hexagonal  structure  of  a  =0.55  nm  and  c=2.65 
nm.  The  hydrogenation  in  473  K*s7’«573  K  forms  P  hy¬ 
drides  with  a  hexagonal  structure  of  a  =0.515  nm  and 
c=2.46  nm.  The  temperature  dependence  of  magnetization 
shows  that  the  P  hydrides  are  classified  in  Pi  and  Pi  hydrides 
formed  at  473  K^7’=S500  K  and  523  respectively. 
Mossbauer  studies  were  performed  for  the  representatives  of 
S,  y.  Pi ,  and  Pi  hydrides  and  the  spectra  were  analyzed.  In 
the  present  article  the  details  of  experimental  results  and  the 
analyzed  results  are  reported  and  the  ferromagnetism  of  each 
hydride  is  discussed. 

II.  EXPERIMENTAL  PROCEDURE 

The  host  compound  YFe2  was  prepared  by  arc  melting  a 
mixture  of  Y  (99.9%  pure)  and  Fe  (99.9%  pure)  with  sto¬ 
ichiometric  compositon  in  argon  atomsphere.  Arc  melting 
was  repeated  several  times  for  homogeneity.  Then  the  com¬ 
pound  was  sealed  in  an  evacuated  silica  tube  and  annealed  at 
1100  K  for  0.26  Ms  (3  days).  After  the  crystal  structure  was 
ascertained  by  x-ray  diffraction,  the  powder  with  particles 
smaller  than  0.3  mm  was  used  for  hydrogen  absorption  as  the 
host  compound.  The  isothermal  hydrogen  absorption  was 
carried  out  in  hydrogen  pressure  up  to  about  0.9  MPa  after 
heating  in  vacuum  at  670  K  for  about  4  ks  (1  h).  The  y  and 
P  hydrides  used  for  magnetization  and  Mossbauer  measure¬ 
ments  were  prepared  with  rapid  cooling  after  eliminating  the 
remaining  hydrogen  gas  in  the  hydride  capsule  in  order  to 
avoid  further  hydrogenation  at  lower  temperature.  The  num¬ 


ber  of  absorbed  hydrogen  atoms  was  determined  from  gravi¬ 
metric  increase.  The  magnetization  measurement  was  per¬ 
formed  by  a  vibrating  sample  magnetometer  in  magnetic 
field  of  0.84  MA/m  (10.6  kOe).  Mossbauer  measurement 
was  carried  out  for  the  samples  used  in  magnetization  mea¬ 
surements  by  a  conventional  constant  acceleration-type  spec¬ 
trometer  with  ^’Co  in  Rh  source. 


Teaperature  (K) 


FIG.  1.  Temperature  dependencies  of  magnetization  of  5  hydride  YFe2H4 ,, 
y  hydride  YFejHja,  /S,  hydride  YFejH,,,  and  P2  hydride  YFe2Hi3  in 
//=0.84  MA/m  (10.6  kOe).  Anomalies  near  500  K  in  5and  yhydrides  come 
from  p  hydride  formed  by  desorption  of  hydrogen. 
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FJG.  2.  Mossbaucr  spectrum  of  S  hydride  YFe2H4 1  at  78  K,  which  is  ana¬ 
lyzed  as  the  direction  of  magnetization  is  along  [111]. 

III.  RESULTS  AND  DISCUSSION 
A.  ^hydride  YFe2H4.i 

The  crystal  structure  of  YFe2  is  Cl 5  type  with  a  =0.737 
nm,  and  the  magnetization  and  Curie  temperature  are 
2.9ytifl/YFe2  and  74.= 545  K,  respectively. 

The  S  hydride  was  prepared  at  293  K.  The  crystal  struc¬ 
ture  is  an  orthorhombic  Cl  5-type  structure  with  0=0.798 
nm,  6=0.783  nm,  and  c  =0.807  nm.  The  magnetization  at  0 
K  estimated  by  extrapolation  of  the  Ihermomagnetic  curve  is 
3.8fig/f.\i.  (formula  unit,  YFe2H^)  and  the  Curie  temperature 
is  310  K  [Fig.  1(a)]. 


TABLE  I.  Hyperflne  fields  H, ,  quadrupole  splittings  A£,  and  isomer  shifts. 


Hydride 

and 

temperature 

Spectrum 

Hyperfine 

held 

H,  (kOe) 

Quadrupole 

splitting 

A£  (mm/s) 

Isomer 

shift 

(mm/s) 

5-YFe2H4 , 

Ii 

307 

0.09 

0.39 

78  K 

h 

288 

-0.03 

0.36 

III 

260 

0.09 

0.40 

II2 

240 

-0.03 

0.45 

rYFejH24 

li 

275 

-0.12 

0.17 

13  K 

I2 

250 

0.04 

0.22 

III 

221 

-0.15 

0.39 

II2 

195 

0.05 

0.14 

A-YFeaH., 

Ii 

201 

-0.30 

-0.12 

290  K 

I2 

197 

0.30 

-0.05 

II 

25 

A-YFejH,3 

Ii 

203 

-0.30 

-0.10 

290  K 

I2 

201 

0.30 

-0.09 

11 

24 

13  K 

Ii 

232 

-0.30 

-0.04 

I2 

230 

0.30 

0.03 

II 

42 
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FIG.  3.  Mossbauer  spectrum  of  y  hydride  YFe2H2,4  at  13  K,  which  is  ana¬ 
lyzed  as  the  direction  of  magnetization  is  along  the  c  axis. 

The  Mossbauer  spectrum  of  Cl 5 -type  compounds  AFe2 
shows  characteristic  properties.®'^  If  the  direction  is  [111], 
the  Mossbauer  spectrum  of  AFe2  compounds  is  a  superposi¬ 
tion  of  two  subspectra  with  the  intensity  ratio  of  1/3  and  the 


i9,-rFe,ll,  ,  290  K 


P.-KFe.H,  .  13  K 


veiocin  iHH/sEci  j 

FIG.  4.  Mossbauer  spectra  of  Pi  hydride  YFe^Hj  5  at  290  K  and  ^  hydride  | 

YFe2Hi3  at  290  and  13  K.  Tlie  (Ij.y  are  spectra  when  the  direction  of  f 

magnetization  is  in  the  c  plane.  The  spectra  (h  Jj)  and  11  a'c  interpreted  to  i 

come  from  high-  and  low-magnetization  phases.  1 

Kazuo  Kanematsu  ( 
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ratio  of  quadrupole  splitting  of  -3.  The  [110]  direction  of 
magnetization  gives  superposition  of  two  subspectra  with 
equal  intensity  and  the  ratio  of  quadrupole  splitting  of  -1. 
The  [100]  direction  gives  a  single  spectrum. 

The  spectnim  of  ^YFe2H4  j  may  be  a  superposition  of 
many  subspec  because  of  the  orthorhombic  distortion.  The 
spectrum  at  ~ .  K  (Fig.  2)  is  analyzed  as  a  superposition  of 
two  pairs  of  subspectra  (Ij.y  ^nd  (Ili.iy,  which  are  ob¬ 
served  when  the  direction  of  magnetization  is  along  [111]. 
The  Mossbauer  parameters  are  listed  in  Table  I. 

B.  y-hydride  YFe2H2.4 

The  y-hydride  YFe2H2.4  was  prepared  at  423  K.  The 
x-ray-diffraction  lines  are  indexed  as  a  hexagonal  structure 
of  0=0.566  nm  and  c=2.644  nm.  They  are  similar  to,  but 
not  same  as,  those  of  rhombohedral  (/?3m)  PuKi3-type 
YC029  (Ref.  7)  and  YFe2,9.*  The  magnetization  at  0  K  esti¬ 
mated  by  extrapolation  of  the  thermomagnetic  curve  is 
3.5/ttBA"Fe2H2.4  and  the  Curie  temperature  is  about  500  K 
[Fig.  1(a)]. 

The  iron  atoms  in  rhombohedral  YFe3  form  a  tetrahedral 
network  similar  to  those  of  YFe2,  and  the  c  axis  [001]  and 
the  0  axis  in  c-plane  [100]  in  hexagonal  representation  cor¬ 
respond  to  [111]  and  [110]  directions  in  cubic  structure,  re¬ 
spectively.  The  .spectrum  at  13  K  (Fig.  3)  is  analyzed  as  a 
superposition  of  two  pairs  of  spectra,  (I,,l2)  and  (II  1,112), 
which  are  observed  when  the  direction  of  magnetization  is 
along  the  c  axis.  The  Mossbauer  parameters  are  listed  in 
Table  I. 

C.  A  hydride  YFe2Hi.9  and  hydride  YFe2Ht.3 

The  yS,  hydride  YFe2Hi  9  was  formed  at  500  K  and  the 
^  hydride  YFe2Hi.3  was  formed  at  523  K.  The  x-ray- 
diffraction  lines  of  both  hydrides  are  nearly  the  same  and  are 
indexed  as  a  hexagonal  structure  of  a  =0.514  nm  and 
c=2.467  nm  for  YFe2Hi  9  and  a  =0.514  nm  and  c =2.463 
nm  for  YFe2Hi.3.  They  are  similar  to,  but  not  same  as,  those 


of  -y-YFe2H2,4,  YC02.9,  and  YFe2.9.  The  extrapolated  values 
of  magnetization  at  0  K  are  3.5/t9/YFe2H;,. .  The  Curie  tem¬ 
peratures  of  both  hydrides  are  about  570  K,  but  the  magne¬ 
tization  decrease  of  ^  hydride  occurred  reversibly  with  heat¬ 
ing  and  cooling  between  200  and  400  K.  Although  the 
decrease  suggests  another  ferromagnetic  phase  of  lower  Cu¬ 
rie  temperature,  the  x-ray-diffiaction  pattern  at  room  tem¬ 
perature  shows  no  other  phase.  Therefore,  it  is  assumed  that 
the  magnetization  decrease  results  from  a  transition  between 
two  magnetic  phases  of  high  and  low  magnetization  with 
same  structure. 

The  spectra  of  )8]  hydride  YFe2Hi9  at  290  K  and 
hydride  YFe2Hi  3  at  13  and  290  K  are  analyzed  as  a  super¬ 
position  of  subspectra  (Ij  ,13),  and  II  (Fig.  4).  The  pair  (I,  ,13) 
are  the  spectra  when  the  direction  of  magnetization  is  along 
the  a  axis  in  the  c  plane.  The  parameters  are  listed  in  Table 
I.  The  pair  of  subspectra  (Ij,l2)  come  from  the  high- 
magnetization  phase,  and  the  subspectrum  II  comes  from  the 
low-magnetization  phase.  The  increase  of  relative  intensity 
of  subspectrum  II  with  increasing  temperature  supports  the 
transition  from  the  high-magnetization  phase  to  the  low- 
magnetization  phase.  At  present,  it  is  not  clear  whether  the 
two  magnetic  phase  exist  separately  or  high  and  low  spin 
stales  of  iron  atoms  t  exist  in  the  rhombohedral  lattice.  This 
is  a  problem  for  future  study. 
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Longitudinal  and  transverse  magnetoresistance  and  magnetoresistive 
anisotropy  in  ternary  (Pd^  _xFex)95Mn5  alloys 
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A  summary  of  detailed  measurements  of  the  longitudinal  and  transverse  magnetoresistance,  and  of 
the  anisotropy  in  the  magnetoresistance  of  ternary  (Pdj  _;(Fe;^)95Mn5  samples,  is  presented.  While 
neither  the  longitudinal  nor  the  transverse  magnetoresistance  saturate,  these  data  suggest  that  the 
anisotropy  (i.e.,  the  difference)  might  become  field  independent  in  quite  moderate  fields.  This 
feature  enables  a  comparison  to  be  made  between  this  ternary  system  and  binary  PdFe,  as  a  function 
of  composition  and  temperature 


I.  INTRODUCTION 

Unlike  NMn  (Ref.  1)  or  PdMn,^  ternary  (P</Fe)Mn  re¬ 
mains  as  an  example  of  a  system  in  which  initial  indications 
of  sequential  paramagnetic  to  ferromagnetic  to  (transverse) 
spin-glass  transitions  have  not  been  ruled  out  by  subsequent 
detailed  measurements.  Early  studies^  of  the  zero-field  ac 
susceptibility  in  (Pd+0.35  at.  %  Fe)+5  at.  %  Mn  re¬ 
vealed  the  characteristic  rapid  increase  in  this  response  with 
decreasing  temperature  near  10  K  as  the  ferromagnetic  or¬ 
dering  temperature  was  approached  from  the  higher- 
temperature  paramagnetic  phase;  this  was  followed  by  an 
essentially  temperature-independent  plateau  region  (in  which 
Xic  was  not  limited  by  demagnetization  factor  constraints) 
terminated  by  a  sharp  fall  in  Xk  with  decreasing  temperature 
near  4  K,  which  was  interpreted  as  evidence  that  the  system 
had  entered  a  phase  with  spin-glass-like  ordering  of  the 
transverse  spin  components.  A  more  quantitative  set  of  crite¬ 
ria  for  establishing  possible  phase  boundaries  has  recently 
been  applied  to  this  system'*  which,  in  addition  to  providing 
estimates  of  the  usual  critical  exponents  near  ,  revealed 
the  presence  of  an  anomaly  in  the  leading  coefficient  of  the 
field-dependent  response  in  the  vicinity  of  the  lower  candi¬ 
date  transition.  This  latter  anomaly,  however,  was  weaker 
than  predicted,^  so  that  the  critical  nature  of  this  second  tran¬ 
sition  remains  in  question. 

Below  we  present  a  summary  of  detailed  measurements 
of  the  longitudinal  and  transverse  magnetoresistivities  of 
(Pdi_^Fe^)95Mn5.  These  measurements  not  only  supplement 
detailed  field  and  temperature  studies,  but  also  enable  a 
comparison  of  the  behavior  of  this  ternary  system  to  be  made 
with  the  extensively  investigated  and  well-understood  binary 
system  PdFe. 

II.  EXPERIMENTAL  DETAILS 

Samples  with  nominal  composition  (Pdi_^Fe^)95Mn5  {x 
=0.35,  1.6,  1.8,  2.0,  and  2.2  at.  %)  were  prepared  individu¬ 
ally  in  an  argon  arc  furnace  from  high-purity  starting 
materials.®  A  well-established  sequence  of  inverting,  remelt¬ 
ing,  cold  rolling,  and  annealing  procedures  was  implemented 
to  ensure  homogeneity  of  the  final  samples,’  which,  for 
transport  measurements,  had  typical  dimensions  35X2X0.1 
mm.^  A  low-frequency  (37  Hz)  ac  method®  was  used  to  mea¬ 
sure  the  magnetoresistivities  which  were  carried  out  in  both 
the  longitudinal  and  transverse  configurations  at  4.2  and  1.5 


K  in  applied  fields  up  to  1  T,  and  in  the  longitudinal  configu¬ 
ration  alone  at  the  same  two  temperatures  in  fields  up  to 
8.5  T. 

III.  RESULTS  AND  DISCUSSION 

figures  1  and  2  reproduce  the  longitudinal  (|1)  and  trans¬ 
verse  (1)  magnetoresistivities  in  the  liquid-helium  range  on 
(Pd-h2.2  at.  %  Fe)+5  at.  %  Mn  and  on  Pd+2.2  at.  %  Fe. 
These  figures  not  only  allow  a  direct  cor  iparison  between  the 
binary  and  ternary  systems,  but  also  demonstrate  clearly  the 
difficulties  encountered  in  attempting  to  analyze  the  data  on 
the  ternary  system  quantitatively,  as  discussed  below.  As  re¬ 
ported  previously’  and  confirmed  in  Fig.  2,  although  fre¬ 
quently  referred  to  as  a  soft  ferromagnet,  applied  fields 
iHoHa)  in  excess  of  1  T  are  necessary  to  produce  ful.  satu¬ 
ration  in  dilute  PdFe,  in  agreement  with  magnetization 
measurements;®  in  Fig.  2  P||(//a)  at  both  1.5  and  4.2  K  can  be 
seen  to  increase  rapidly  at  low  field  (a  result  linked  to  do¬ 
main  effects)  while  above  0.1 -0.2  T,  p||  decreases  slightly 
with  increasing  field  indicating  incomplete  saturation.  The 
behavior  of  pj^  is  similar.  In  both  orientations  this  higher- 
field  slope  increases  with  increasing  temperature,  as  ex¬ 
pected.  Despite  the  presence  of  this  weak  noncollinear  spin 
component  the  spontaneous  resistive  anisotropy  (SRA),  de¬ 
fined  as 


FIG.  1.  (a)  The  longitudinal  and  transverse  magnetoresistivities  of  the  (Pd 
2.2  at.  %  Fe)  5  at  %  Mn  sample  plotted  against  the  applied  field  1-^ 

K.  (b)  The  data  of  part  (a)  plotted  against  the  induction  B.  (c)  The  anisotropy 
ratio  plotted  against  the  induction  B 
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FIG.  2.  (a)  The  longitudinal  and  transverse  magnetoresistivities  of  the  Pd 
2.2  at.  %  Fe  (designated  as  in  Fig.  1)  plotted  against  the  applied  field 
at  l.S  K.  (b)  Similar  data  acquired  at  4.2  K  on  the  same  sample,  (c)  The 
anisotropy  ratio  from  the  data  at  l.S  K  plotted  against  the  applied  field. 


Po  UPli  +  2pi)/^_^Q 


FIG.  3.  The  longitudinal  magnetoresistance  of  the  (Pd  2.2  at.  %  Fe)  5  at.  % 
Mn  sample  vs  applied  field  at  1.5  K,  for  an  extended  range  of  field. 


can  be  estimated  with  reasonable  accuracy  as 
Ap(//a)  =  p||(//a)-px(//a)  appears  to  become  field  inde¬ 
pendent  above  p(/fa=»0.5  T  [Fig.  2(c)],  a  field  well  below 
that  necessary  to  achieve  technical  saturation.  A  similar  re¬ 
sult  has  been  reported  for  amorphous  feZr.*“  As  discussed 
previously’’*®  valid  arguments  exist  to  base  the  extrapola¬ 
tions  implicit  in  Eq.  (1)  on  the  induction"  B 
[B  =  HQ{Ha+M)-NM,  M  being  the  magnetization  and  N 
the  appropriate  demagnetization  factor]  rather  than  ,  but 
the  use  of  the  former  rather  than  the  latter  proves  unneces¬ 
sary  here  because  the  magnetization  is  small  at  these  com¬ 
positions  and  the  higher-field  variation  of  the  resistivity  is 
weak’  (as  confirmed  in  Fig.  2). 

By  contrast  the  behavior  of  the  ternary  sample  at  1.5  K 
shown  in  Fig.  1  is  dominated  by  a  strong  negative  compo¬ 
nent  in  both  orientations.  This  result  is  particularly  striking 
since  ac  susceptibility  measurements  on  Pd+2.2  at.  %  Fe 
yield’  7’j,=81  K  whereas  in  ternary  (Pd+2.2  at.  %  Fe)+5 
at.  %  Mn  Tc  is  similarly  estimated  at  48  K;  thus,  the  4.2  K 
data  on  the  binary  sample  and  the  1.5  K  data  on  the  ternary 
alloy  were  collected  at  essentially  the  same  reduced  tempera¬ 
ture  (TITc).  These  data  on  the  ternary  sample  indicate  un¬ 
equivocally  the  presence  of  substantial  spin  noncollinearity 
(far  in  excess  of  that  present  in  the  corresponding  binary 
alloy);  nevertheless,  the  anisotropy  in  the  magnetoresistance 
behaves  in  a  similar  manner  to  that  in  the  binary  system 
(apparently  saturating  in  low  field),  and  this  forms  the  basis 
for  subsequent  analysis. 

The  extent  of  this  noncollinearity  is  further  demonstrated 
by  the  data  reproduced  in  Fig.  3;  in  the  longitudinal  cinfigu- 
ration  the  magnetoresistance  continues  to  decrease  in  applied 
fields  up  to  8.5  T  at  1.5  K,  with  little  sign  of  saturation. 
Indeed,  the  fractional  rate  of  change  in  resistivity  (1/po) 


(dpi/dHa)  is  nearly  an  order  of  magnitude  larger  at  8.5  T 
and  1.5  K  in  the  ternary  system  than  in  the  binary  system  at 
1  T  and  4.2  K. 

The  presence  of  such  noncollinearity  complicates  esti¬ 
mates  for  the  SRA  through  its  influence  on  the  field  depen¬ 
dence  of  the  resistivity.  Figure  1(b)  demonstrates  the  effects 
of  replotting  the  data  in  Fig.  1(a)  against  the  induction  B,  the 
latter  being  estimated  with  considerable  care  for  the  reasons 
outlined  below.  The  induction  was  calculated  by  using  di¬ 
rectly,  or  scaling  where  necessary,  previously  published  mag¬ 
netization  data  (such  as  those  of  Sato  et  alP)  in  conjunction 
with  the  corresponding  demagnetizing  factors,  N\\  and  . 
The  latter  were  found  by  evaluating  the  appropriate  elliptic 
integrals  using  the  carefully  measured  dimensions  of  each 
sample.  These  dimensions  were  specifically  chosen  so  that 
[thus,  there  is  essentially  no  difference  between 
Px(Wa)  and  Pi(B)  in  Fig.  1]  while  yV||=5X10“‘*  N ^ ,  so  that 
N\i)~ PqM =Q.2  T.  This  leads  to  a  significant  shift 
between  p||(//a)  and  p^B),  and  while  this  shift  plays  an  im¬ 
portant  role  in  estimates  for  the  SRA,  its  reliability  is  deter- 
mineu  by  that  of  the  available  magnetization  data  (n  property 
normally  accurately  measureable)  not  on  estimates  for  the 
demagnetization  factors  (due  to  the  sample  geometry 
adopted).  Figure  l^c)  shows  a  plot  of  the  ratio  Ap/po  from 
Eq.  (1)  against  the  induction  B;  this  ratio  increases  rapidly  as 
B  increases,  before  appearing  to  saturate  for  B  ^0.4  T  despite 
the  fact  that  neither  p|j(B)  or  Px(B)  show  any  indication  of 
saturating;  we  suggest  this  approach  to  saturation  in  the  ratio 
Ap/po  enables  the  SRA  to  be  estimated  in  the  manner  shown, 
as  indeed  does  the  behavior  of  Ap/po  vs  //„  in  tne  binary 
sample  [Fig.  2(c)].  In  the  binary  system,  of  course,  both 
Pli(//a)  and  show  evidence  of  approach  to  saturation 

individually.  It  could  certainly  be  argued  that  measurements 
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TABLE  I.  A  summaiy  of  the  transport  properties  of  (P<fFe)Mn  and  Pdfe. 


Fe 

cone, 
(at.  %) 

(Pdi-;,FeJ9jMn5 

Pd,., 

Fe, 

Po 

{p£l  cm) 

Tc 

(K) 

1.5  K 

4.2  K 

Po 

(fiTl  cm) 

Tc 

(K) 

1.5  K 

4.2  K 

Ap 

(nil  cm) 

SRA 

(%) 

Ap 

(nfl  cm) 

SRA 

(%) 

Ap 

(nfl  cm) 

SRA 

(%) 

Ap 

(nfl  cm) 

SRA 

(%) 

2.2 

12.40 

48 

30.5 

0.25 

29.9 

0.24 

3.55 

81 

17.7 

0.50 

17.2 

0.49 

2.0 

11.89 

45 

27.8 

0.23 

27.9 

0.23 

iyi 

75 

15.8 

0.47 

15.7 

0.47 

1.8 

11.49 

42 

23.5 

0.20 

24.0 

0.20 

2.99 

69 

12.1 

0.41 

11.5 

0.38 

1.6 

11.12 

38 

19.0 

0.17 

17.5 

0.16 

2.70 

62 

10.6 

0.39 

10.4 

0.38 

0.35 

8.33 

9.3 

3.8 

0.04(5) 

3.2 

0.04 

0.67 

7.5 

0.6 

0.09 

<0.1 

at  higher  fields  might  reveal  a  change  in  the  field  derivative 
of  the  SRA  in  the  ternary  system;  such  an  argument,  how¬ 
ever,  could  equally  well  be  applied  to  binary  PdFe  and  amor¬ 
phous  FcZr.  Interestingly  the  anisotropy 
-  Pi(.B)]B_o  so  estimated  is  approximately  twice  as  large  in 
the  ternary  sample  compared  with  the  binary  alloy,  but  due  to 
a  fourfold  increase  in  the  residual  resistivity  po,  the  SRA  is 
estimated  to  be  twice  as  large  in  the  binary  system. 

The  results  discussed  above  are  typical  for  the  composi¬ 
tion  range  studied,  viz.,  (Pdi_;jFej95Mn5  and  Pdi_^Fe;f 
(0.35s;x=s2.2  at.  %  Fe),  as  summarized  in  Table  I. 

IV.  CONCLUSIONS 

Both  the  longitudinal  and  transverse  magnetoresistivities 
of  (Pd,_;,FeJ  9jMn5  provide  unequivocal  evidence  of  non- 
collinearity  in  the  impurity  spins  at  temperatures  as  low  as 
3%  of  the  ferromagnetic  ordering  temperature.  Despite  these 
complications,  the  SRA  appears  to  saturate  in  low  fields 
which,  we  suggest,  enables  estimates  for  the  SRA  to  be 
made.  Similar  results  have  been  reported  in  other  systems,’**® 
although  the  noncollinearity  is  admittedly  weaker  in  them, 
the  apparent  saturation  of  the  SRA  being  attributed  to  the 
fact  that  while  the  high-field  slope  of  the  magnetization 
curves  reveals  noncollinearity  on  a  global  scale,  both  the 
magnetoresistivity  and  SRA  reflect  changes  on  length  scales 
on  the  order  of  the  conduction-electron  mean  free  path  (a 
scale  over  which  the  noncollinearity  may  not  be  so  marked). 
As  demonstrated  by  Fig.  1,  this  is  clearly  not  the  case  in 
(Pdi_;(Fe^)95Mn5.  Currently  there  is  no  theoretical  guidance 
available  for  interpreting  the  SRA  in  noncollinear  systems; 
we  have  recently*®  applied  an  Ising  model  to  successfully 
reproduce  the  characteristics  of  the  SRA  in  the  immediate 
vicinity  of  in  a  number  of  ferromagnetic  systems,  how¬ 
ever,  the  very  nature  of  this  model  precludes  its  application 
to  reentrant  systems  in  which  the  noncollinearity  arises  from 
transverse  spin-glass  order  combined  with  longitudinal  ferro¬ 
magnetic  alignment.  Furthermore,  if  indeed  the  spin  configu¬ 
ration  in  (Pdi_;5Fe^)95Mn5  is  of  this  latter  type  then  measure¬ 
ments  in  high  fields  (certainly  those  high  enough  to  achieve 
technical  saturation)  should  be  avoided  since  they  would  dis¬ 
rupt  the  intrinsic  spin  polarization  characteristic  of  the 
ground  state.  The  situation  is  analogous  to  measuring  the 


nonlinear  magnetization  of  spin  glasses;  the  balance  that 
needs  to  be  achieved  is  one  in  which  the  applied  field  is  not 
large  enough  to  significantly  alter  the  ground-state  configu¬ 
ration  yet  does  reveal  any  “incipient”  anisotropy/ 
nonlinearity.  The  results  reported  here  represent  an  initial 
attempt  to  understand  aspects  of  this  complicated  problem. 
Such  difficulties  notwithstanding,  the  concentration  depen¬ 
dence  of  the  SRA  in  binary  PdFe  and  P<fMn  has  been  inter¬ 
preted  previously*'*  as  indicating  the  absence  of  an  orbital 
moment  at  the  impurity  sites  in  these  systems,  and  the  mag¬ 
nitude  and  composition  dependence  of  the  SRA  in  the  ter¬ 
nary  system  (summarized  in  Table  I)  would,  not  surprisingly, 
lead  to  a  similar  conclusion  for  it. 
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Formation  and  magnetic  properties  of  Y2(Feo.8Gao.2)i7Cx  compounds 
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The  alloys  Y2(Feo,8Gao  2)17^  (jc =0-2.5)  with  the  rhombohedral  Th2Zni7  phase  were  prepared  by 
arc  melting.  The  lattice  parameters  and  the  unit-cell  volumes  derived  from  x-ray-diffraction 
measurements  increase  linearly  with  the  carbon  content  x.  The  Curie  temperature  increases  at 
first  with  increasing  carbon  concentration  x,  shows  a  maximum  value  of  558  K  at  about  x = 1.0,  then 
decreases  with  x.  The  saturation  magnetization  at  1.5  K  and  the  Fe  magnetic  moment  have  a  slight 
change  with  the  interstitial  carbon  content.  The  dilution  of  Fe  by  nonmagnetic  Ga  decreases  the 
saturation  magnetization  and  the  Fe  magnetic  moment. 


I.  INTRODUCTION 

Intermetallic  compounds  of  the  R2Fei7(R  denotes  rare 
earth)  have  attracted  much  attention  recently  because  they 
can  dissolve  large  amounts  of  interstitial  nitrogen  and  carbon 
by  the  solid-gas  reaction,*’^  which  can  enhance  their  mag¬ 
netic  properties  considerably.  The  Sm2Fei7N;t  compound 
with  excellent  intrinsic  magnetic  properties*"^  is  a  hopeful 
candidate  for  new  permanent  magnets.  It  is  to  be  regretted 
that  these  nitrides  and  carbides  are  unstable  at  high  tempera¬ 
tures.  Early  in  1988,  de  Mooij  and  Buschow'*  reported  on  the 
ternary  R2Fei7Q  compounds  by  means  of  arc  melting,  but 
the  interstitial  carbon  concentration  is  much  lower  and  the 
intrinsic  magnetic  properties  are  unfit  for  permanent  mag¬ 
nets.  Last  year,  Shen  et  al.^~^  produced  R2Fei7Q  compounds 
with  high  carbon  concentration  which  are  stable  at  1100  "C 
by  melt  spinning.  However,  it  is  difficult  to  gain  a  single 
2:17-type  phase  carbide  with  high  carbon  if  R  is  a  light  rare 
earth.  Therefore,  by  substituting  for  Fe  in  R2Fei7Q ,  we  try 
to  search  for  a  path  to  gain  high-carbon  compounds  with  a 
single  2: 17-type  phase.  We  have  reported  some  results  of  the 
R2(Fe,Ga),7Q  compounds  prepared  by  arc  melting.*'’  In  this 
article  the  structure  and  magnetic  properties  of 
Y2(Feo,gGao,2)i7C^  compounds  are  reported. 

II.  EXPERIMENT 

The  samples  of  compositions  Y2(FeogGao.2)i7C;t  (x=0, 
0.5,  1.0,  1.5,  2.0,  2.5)  were  prepared  by  arc  melting  the  ap¬ 
propriate  amounts  of  Y,  Fe,  Ga,  and  Fe-C  alloys  in  a  high- 
purity  argon  atmosphere.  The  elements  used  were  at  least 
99.9%  pure.  The  ingots  were  melted  several  times  to  ensure 
homogeneity.  Phase  components  and  lattice  parameters  of 
the  samples  were  determined  by  x-ray  diffraction  using 
CoKa  radiation.  Curie  temperatures  were  derived  from  the 
temperature  dependence  of  ac  susceptibility  in  a  field  of  less 
than  1  Oe.  Saturation  magnetizations  were  measured  by  an 
extracting  sample  magnetometer  in  a  field  of  70  kOe  at 
1.5  K. 

III.  RESULTS  AND  DISCUSSION 

X-ray-diffraction  measurements  on  Y2(Feo8Gao2)i7C;t 
=0-2.5)  ingots  that  were  produced  by  arc  melting  show  a 
single  rhombohedral  Th2Zni7  phase  (Fig.  1).  We  deduce  from 


the  x-ray-diffraction  patterns  that  there  are  not  any  amounts 
of  a-Fe  in  any  compounds.  According  to  our  previous  work, 
alloys  with  compositions  Y2Fei7C^  (x =0-2.5)  prepared  by 
arc  melting  formed  a  single  2: 17-type  phase  only  for  x=0- 
1.0.  Some  amounts  of  a-Fe  exist  as  an  impurity  phase  when 


FIG.  1.  The  x-ray-diffraction  patterns  of  YaiFeogGaojlnQ  (x=0,  1.0,  2.5) 
with  CoKa  radiation. 
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TABLE  I.  The  unit-cell  parameters,  the  Curie  temperatures,  the  saturation  magnetizations,  the  saturation  mag¬ 
netizations  at  1.5  K,  and  the  Fe  magnetic  moments  of  the  compounds  Y2(Feo8Gao2))7Cj . 


X 

a 

(A) 

c 

(A) 

V 

(A’) 

Tc 

(K) 

Mt 

(lifi/f.U.) 

AFc 

(Mb) 

0.0 

8.610 

12.575 

807.32 

545 

24.8 

1.82 

0.5 

8.642 

12.580 

813.65 

556 

24.5 

1.80 

1.0 

8.661 

12.584 

817.50 

558 

24.4 

1.79 

1.5 

8.690 

12.588 

823.24 

553 

24.1 

1.77 

2.0 

8.708 

12.591 

826.85 

540 

24.6 

1.81 

2.5 

8.723 

12.607 

830.82 

519 

25.3 

1.86 

x>1.0;  the  amount  of  a-Fe  increases  with  the  carbon  con¬ 
tent.  If  a  single  phase  is  wanted  for  the  higher  carbon  con¬ 
centrations,  melt  spinning  must  be  adopted.®  Thus,  it  can  be 
seen  that  Ga  substituted  for  Fe  makes  it  easy  to  construct  a 
single  2:17  phase  with  high  carbon  concentration.  The  struc¬ 
ture  of  compounds  Y2(Feo,jGao.2)i7Q  (j:=0,  0.5)  turns  to 
Th2Zn,7  type  from  hexagonal  Th2Nii7  type  for  Y2Fej7  and 
Y2Fei7Co5.  The  lattice  constants  a,c  and  the  unit-cell  vol¬ 
umes  V  of  Y2(Feo  gGao.2)i7Q  deduced  from  x-ray-diffraction 
measurements  are  listed  in  Table  1.  They  increase  linearly 
with  the  carbon  content  and  the  interstitial  carbon  extends 
the  lattice  constant  a  more  obviously  than  the  lattice  constant 
c  (Fig.  2).  Comparing  Y2(Feo,8Gao.2)i7C;t  with  Y2Fei7Cjt ,®  it 
can  be  found  that  carbon  has  less  effect  on  the  lattice  param¬ 
eters  of  Y2(Feo,8G?:o2)i7Q,  and  Ga  substituted  for  Fe  ex¬ 
pands  the  unit-cell  volume  considerably  so  that  there  exists 
more  space  in  the  unit  cell.  It  may  be  the  reason  why  the 
high  carbides  of  Y2(Feo.8Gao2)i7C^  can  be  obtained  easily, 
and  why  the  carbon  has  less  effect  on  the  lattice  parameters 
of  Y2(Feo,8Gao  2)17^  • 

The  concentration  dependence  of  the  Curie  temperature 
Ff  of  the  Y2(Feo8Gao,2)i7C^  compounds  is  shown  in  Fig.  3. 
Tf.  increases  at  first  with  carbon  content  a:,  and  shows  a 
maximum  value  of  558  K  at  about  a:  =  1.0,  then  decreases 
with  increasing  a:.  does  not  increase  monotonously  with 


X 

FIG  2.  The  carbon  content  dependence  of  the  lattice  parameters  a, c  and  the 
unit-cell  volume  v  for  compounds  Y2(Feo8Ga02)i7Q  • 


increasing  carbon  concentration  although  the  unit-cell  vol¬ 
ume  is  expanded  linearly.  In  other  words,  the  expansion  of 
the  unit-cell  volume  cannot  cause  continuous  increase  of  Tc 
in  the  Y2(Feo.8Gao,2)i7C^  series.  of  Y2(Feo,8Gao,2)i7  is  en¬ 
hanced  remarkably  about  220  K  over  Y2Fei7.  In  the  theory 
of  the  mean  field,  it  is  commonly  accepted  that  the  Curie 
temperature  of  rare-earth  iron  compounds  is  determined  by 
the  Fe-Fe,  R-Fe,  and  R-R  interactions.  The  Fe-Fe  interaction 
is  dominant,  and  the  R-R  interaction  can  be  neglected  rela¬ 
tive  to  the  R-Fe  interaction  and  the  Fe-Fe  interaction.  As 
result  of  this,  the  interstitial  carbon  in  Y2Fe]7C^  improves  the 
Fe-Fe  interaction  considerably;  but,  in  Y2(Feo8Gao2)i7Q  it 
only  raises  a  little  of  the  Fe-Fe  interaction  in  a  carbon  con¬ 
tent  range  AC  from  0  to  1.0,  then  reduces  the  Fe-Fe  interaction 
at  higher  carbon  concentrations. 

The  saturation  magnetization  of  Y2(Feo.8Gao.2)i7C^ 
compounds  is  summarized  in  Table  I.  We  find  that  the  addi¬ 
tion  of  interstitial  carbon  has  a  slight  effect  on  .  Because 
yttrium,  gallium,  and  carbon  are  nonmagnetic  elements,  the 
magnetic  moment  per  Fe  atom  yupe  in  Y2(Feo  8Gao,2)i7C^  ^^^n 
be  obtained  according  to  /Zi=0.8X17/ZFc  (listed  in  Table  I) 
and  is  constant  about  1.81±0.03ytiB .  So,  the  Fe  magnetic 
moment  is  approximately  independent  of  the  carbon  concen¬ 
tration.  These  results  have  been  obtained  before  for  com¬ 
pounds  R2Fej7Q .®’®  The  dilution  of  Fe  by  nonmagnetic  Ga 
decreases  the  number  of  Fe  atoms  and  varies  the  Fe  atom 
environment.  It  probably  causes  the  saturation  magnetization 
and  the  Fe  magnetic  moment  to  decrease. 


00  05  10  15  20  2.5 

X 


FIG.  3.  The  variation  of  the  Curie  temperature  as  a  function  of  the  carbon 
concentration  for  Y2(FeQgGao2)i7Cx . 
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Alloys  with  the  composition  Nd2(Fe,Ti)]9  can  exist  in  two  crystal  structures  depending  on  the 
preparation  technique.  Melt-spun  material  has  a  hexagonal  TbCu7-type  structure  (a  =4.902  A, 
c =4.248  A)  for  a  range  of  quenching  speeds.  Alloys  prepared  by  arc  melting,  annealing  at  1373  K 
and  then  water  quenching  have  a  complex  monoclinic  structure  derived  from  a  TbCu7  superlattice 
(a=10.644  A,  b=8.585  A,  c=9.755  A,  /3=96.92°)  and  related  to  those  of  other  intermetallics  such 
as  tetragonal  Nd(Fe,Ti)i2  and  rhombohedral  Nd2Fe,7.  Magnetic  ordering  temperatures  for  annealed 
(monoclinic)  and  melt-spun  (hexagonal)  Nd2(Fe,Ti),9  are  411  and  454  K,  respectively.  ^^Fe 
Mossbauer  spectroscopy  at  295  K  demonstrates  that  the  local  environments  of  the  Fe  atoms  in  the 
two  structural  modifications  of  Nd2(Fe,Ti)i9  are  similar.  The  average  ^’Fe  magnetic  hyperfine  fields 
at  295  K  for  the  monoclinic  and  hexagonal  Nd2(Fe,Ti)i9  are  20.8  and  22.3  T,  corresponding  to 
average  Fe  magnetic  moments  of  1.33  and  lA3/ig,  re.spectively. 


I.  INTRODUCTION 

Coliocott  et  al}  recently  identified  a  ternary  phase,  with 
a  nominal  composition  Nd2(Fe,Ti),9  (2:19)  close  to  that  of 
the  well-established  NdFcnTi  phase  with  the  tetragonal 
ThMn  12-type  structure.  The  crystal  structure  of  this  new 
phase  is  complex  and  x-ray  diffraction  patterns  of  arc-melted 
and  annealed  samples  were  tentatively  indexed  on  a  hexago¬ 
nal  TbCu7-type  (1:7)  superlattice  structure  with  lattice  pa¬ 
rameters,  a2;i9  =  2ai. 7=9.88  A  and  C2  i9=4C|.7  =  16.96  A.' 

There  have  been  many  reports  on  the  presence  of  a  phase 
with  similar  composition  to  that  of  Nd2(Fe,Ti)i9  in  the  Sm- 
Fe-Ti  and  Nd-Fe-Ti  ternary  alloy  systems.  Neiva  et  al?  re¬ 
ported  the  formation  of  Sm(Fe,Ti)9  with  a  hexagonal  TbCu7 
structure  at  1273  K,  and  also  Hirosawa  et  al?  observed  the 
formation  of  a  Nd(Fe,Ti)9  phase  based  on  the  same  TbCu7 
structure.  A  Ti-stabilized  NdFe7  has  been  reported  by  Jang 
and  Stadelmaier"*  in  as-cast  alloys,  and  by  Navarathna  et  al? 
in  sputtered  films.  The  formation  of  the  TbCu7  structure  has 
also  been  reported  in  melt-spun  samples,  with  Saito,  Taka- 
hashi,  and  Wakiyama*  and  Ohashi,  Osugi,  and  Tawara’  ob¬ 
serving  a  change  from  the  ThMn, 2  structure  to  the  TbCu7 
structure  in  SmFenTi  with  increasing  quench  rate.  Similarly, 
Katter,  Wecker,  and  Schultz*  observed  a  change  from  the 
rhombohedral  Th2Zni7  structure  to  the  hexagonal  TbCu7 
structure  in  rapidly  quenched  binary  Sm-Fe  alloys. 

This  article  presents  magnetic  and  structural  data  on 
Nd2(Fe,Ti)i9  produced  by  high-temperature  annealing  and  by 
rapid  quenching. 

II.  EXPERIMENTAL  PROCEDURE 

Single-phase  alloys  of  Nd2(Fe,Ti),9  were  prepared  from 
Nd,  Fe,  and  Ti  of  2=99.9%  purity  by  argon  arc  melting  fol¬ 
lowed  by  annealing  at  1373  K  for  72  h  under  an  argon  at¬ 
mosphere  in  sealed  quartz  tubes,  and  then  water  quenching. 


Melt-spun  samples  were  prepared  on  a  steel  wheel  in  a  he¬ 
lium  atmosphere.  Samples  were  characterized  by  x-ray  dif¬ 
fraction  using  Cu^a  radiation,  optical  metallography,  differ¬ 
ential  scanning  calorimetry  (DSC),  and  scanning  electron 
microscopy  using  a  JEOL  35CF  equipped  for  backscattered 
electron  imaging  and  energy-dispersive  x-ray  microanalysis. 
Magnetization  measurements  were  carried  out  using  a  Quan¬ 
tum  Design  superconducting  quantum  interference  device 
(SQUID)  magnetometer.  ^^Fe  Mossbauer  spectra  were  ac¬ 
quired  at  room  temperature  (295  K)  using  a  constant  accel¬ 
eration,  transmission  spectrometer  with  a  ^’CoRh  source  and 
calibrated  with  an  a-Fe  foil. 

III.  RESULTS  AND  DISCUSSION 

Single-phase  samples  of  Nd2(Fe,Ti),9  can  be  prepared  by 
arc  melting  and  annealing  for  a  range  of  Ti  contents  accord¬ 
ing  to  the  formula  Nd9  4Fe9Q  j.^Ti^  with  (3.8^a:^5.3).  No 
significant  compositional  range  for  Nd  was  detected.  The 
samples  reported  here  contain  4. 1  at.  %  Ti. 

Melt-spun  samples  of  Nd2(Fe,Ti)i9  have  the  hexagonal 
TbCu7  structure  [Fig.  1(a)]  with  lattice  parameters  a =4.902 
A  and  c =4.248  A  over  a  range  of  wheel  speeds  from  5  to  30 
m/s  and  contain  less  than  2%  of  or-Fe.  Arc-melted  samples 
also  contain  approximately  30%  of  the  1:7  phase  prior  to 
annealing. 

Alloys  prepared  by  arc  melting  and  annealing  at  1373  K 
exhibit  a  more  complex  structure.  The  x-ray  diffraction  data, 
shown  in  Fig.  1(b),  which  had  originally  been  indexed*  on  a 
2Xa  and  4Xc  superlattice  of  hexagonal  TbCu7  type  has  been 
reindexed  using  the  Visser  code^  on  the  basis  of  a  monoclinic 
cell  with  lattice  parameters  a  =  10.644  A,  6=8.585  A, 
c =9.755  A,  and  (3=96.92°.  Calculated  and  measured  line 
positions  and  indices  are  shown  in  Table  1  for  this  structure. 
The  relationship  of  the  monoclinic  Nd2(Fe,Ti),9  structure  to 
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FIG.  1.  X-ray-diffraclion  spectra  for  Fe-rich  Nd-Fe-Ti  phases:  (a)  melt-spun 
NdjiFe.!!),,;  (b)  annealed  NdjfFe.Ti),,;  (c)  NdzfFe.Ti),,;  and  (d) 
Nd(Fe,Ti),2. 


TbCu7  is  best  illustrated  by  reference  to  Fig.  2,  which  shows 
the  a-c  plane  of  hexagonal  TbCuy.  The  lattice  parameters  of 
the  outlined  cell  are  a  =  10.685  A  c=9.809 

A,  and  )3=96.56°,  all  of  which  are  very  close  to  the  mea¬ 
sured  values  for  monoclinic  Nd2(Fe,Ti)i9.  In  the  absence  of 
single-crystal  x-ray  data  or  of  a  full  profile  refinement  of  the 
powder  x-ray  data,  our  identification  of  the  annealed 
Nd2(Fe,Ti)i9  structure  as  monoclinic  and  based  upon  a  super¬ 
lattice  of  hexagonal  TbCuv  must  remain  provisional.  A  cell 
derived  from  an  even  larger  TbCu7  superlattice  is  possible. 
However,  it  is  probable  that  the  structure  of  annealed 
Nd2{Fe,Ti)i9  is  related  to  that  of  melt-spun  Nd2(Fe,Ti)i9  (i.e., 
TbCu7)  by  an  ordering  of  the  atoms  on  the  TbCu7  sites,  and 
a  minor  distortion  of  the  hexagonal  lattice.  Therefore,  it  is 
also  related  to  other  rare-earth  transition-metal  structures 
such  as  Th2Zni7,  Th2Ni,7,  and  ThMni2. 

Figure  3  shows  magnetization  data  for  isotropic  poly¬ 
crystalline  samples  of  annealed  and  melt-spun  Nd2(Fe,Ti)i9 
in  applied  fields  of  0.1  and  5  T.  Curie  temperatures  derived 
from  low-field  magnetization  data  are  411  K  (annealed)  and 


TABLE  I.  X-ray-diffraction  data  for  annealed  Nd2(Fe,Ti)i9. 


20  observed 

20  calculated 

hkl 

Observed 
intensity  (%) 

13.80 

13.77 

0  1  1 

<0.5 

16.74 

16.70 

1  1  1 

0.5 

16.77 

200 

20.67 

20.68 

0  20 

0.7 

20.87 

20.88 

2  1  i 

1.7 

21.07 

21.05 

0  1  2 

0.7 

21.07 

102 

22.33 

22.34 

120 

0.6 

23.36 

23.36 

202 

1.5 

25.26 

25.27 

3  00 

1.0 

26.41 

26.40 

202 

0.8 

26.62* 

1.7 

26.76 

26.74 

220 

3.7 

27.80 

27.75 

0  22 

0.8 

28.45 

28.41 

2  1  2 

45.1 

29.66 

29.69 

122 

16.2 

29.86 

29.87 
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454  K  (melt  spun),  in  agreement  with  the  values  measured 
by  DSC. 

Mossbauer  spectra  for  the  two  structural  modifications 
of  Nd2(Fe,Ti)i9  are  shown  in  Fig.  4.  It  is  obvious  from  the 
data  that  the  local  environment  of  the  Fe  atoms  in  the  two 
structures  is  similar.  In  the  case  of  annealed  Nd2(Fe,Ti)i9  a  fit 
using  five  subspectra  of  sextets  proved  satisfactory,  while 
for  the  melt-spun  sample  the  data  were  fitted  by  a  distribu¬ 
tion  of  hyperfine  fields  using  the  program  of  LeCaer  and 
Dubois."  The  average  hyperfine  field  at  room  temperature 
for  the  melt-spun  material  (22.3  T)  is  higher  than  for  an¬ 
nealed  samples  (20.8  T),  in  line  with  the  difference  in  their 
Curie  temperatures. 

IV.  CONCLUSION 

We  have  shown  by  x-ray  diffraction  that  alloys  of 
Nd2(Fe,Ti)i9  prepared  by  melt  spinning,  and  by  arc  melting 
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FIG.  2.  Crystallographic  relationship  in  the  a-c  plane  between  the  unit  cell 
of  monoclinic  Nd2(Fe,Ti)i9  and  the  hexagonal  TbCu,  superlattice. 

and  annealing  crystallize  in  two  distinct  structures.  Of  the 
two  structural  modifications,  the  melt-spun  material  with  the 
hexagonal  TbCu7-type  (a =4.902  A,  c =4.248  A)  structure  is 
the  simplest.  The  structure  of  arc-melted  and  annealed 
samples  is  more  complex  than  the  2Xa  and  4Xc:  superlattice 
of  the  TbCuy  type  proposed  in  our  earlier  report,'  and  even 
the  monoclinic  structure  reported  here  (a  =  10.644  A, 


FIG.  3.  Magnetization  curves  for  (a)  annealed  and  (b)  melt-spun 
Nd2(Fe,ri)„  at  0.1  and  5  T. 


velocity  (mm/s) 

FIG.  4.  Mossbauer  spectra  at  295  K  for  (a)  annealed  and  (b)  melt-spun 
Nd2(Fc,Ti)„. 

6=8.585  A,  c =9.755  A,  and  ;8=96.92°)  must  only  be  re¬ 
garded  as  provisional  until  single-crystal  x-ray  data  become 
available. 

Mossbauer  spectra  of  melt-spun,  and  arc-melted  and  an¬ 
nealed  samples  demonstrate  that  the  local  environments  of 
the  Fe  atoms  are  similar.  The  average  ^^Fe  hyperfine  field  of 
20.8  T  for  annealed  and  22.3  T  for  melt-spun  material  corre¬ 
sponds  to  average  Fe  magnetic  moments  of  1.33  and  1.43/Ug , 
re.spectively.  The  larger  hyperfine  field  of  the  melt-spun  ma¬ 
terial  can  be  attributed  to  its  higher  Curie  temperature. 
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The  possibility  of  ferrimagnetic  coupling  between  the  magnetic  moments  of  the  light-rare-earth  (Nd, 
Pr)  ions  and  of  the  transition-metal  (Fe)  ions  in  Nd6Ga3Feii-  and  Pr6Ga3Feii-based  compounds  is 
deduced  from  the  high-field  magnetization  curves  measured  at  4.2  K  on  magnetically  aligned  and  on 
fi'ee-powder  samples  and  from  the  temperature  dependence  of  the  magnetization.  The  ferrimagnetic 
coupling  is  very  weak:  at  4.2  K,  the  rare-earth  moments  and  the  transition-metal  moments  can  be 
forced  to  ferromagnetic  alignment  by  application  of  an  external  magnetic  field  of  about  4  T. 
Generally,  in  intermetallic  compounds,  the  magnetic  coupling  is  ferromagnetic  between 
light-rare-earth  and  transition-metal  ions  and  ferrimagnetic  between  heavy-rare-earth  and 
transition-metal  ions.  The  present  results  suggest  that  in  some  crystal  structures  ferrimagnetic 
coupling  also  may  exist  in  the  compounds  formed  by  light-rare-earth  and  transition-metal  elements. 


I.  INTRODUCTION 

The  compounds  Nd5Ga3Feii  and  Pr6Ga3Feii  crystallize 
in  the  La6Ga3Con-type  of  structure  with  space  group 
I4lmcm}  The  crystal  structure  of  La6Ga3Con  is  shown  in 
Fig.  1.  The  rare-earth  atoms  occupy  two  different  crystallo¬ 
graphic  sites,  Lai  and  £a2.  The  Ga  atoms  occupy  one  site 
and  share  another  site  with  Co.  It  can  be  seen  from  Fig.  1 
that  the  crystal  entails  a  stacking  of  layers  of  Co,  rare-earth, 
and  Ga  atoms. 

Magnetization  transitions  at  low  field  strengths  have 
been  found  at  low  temperatures  in  the  R6Ga3Feii  compounds 
with  R=Nd,  Pr,  Sm.^  A  previous  investigation^  has  shown 
that  the  transition  fields  in  Nd6Ga3Feii  and  Pr6Ga3Feii  al¬ 
most  do  not  change  when  B  is  substituted  for  Ga;  however, 
the  magnetic  anisotropy  of  Nd6Ga3Fe,,  is  influenced  remark¬ 
ably,  leading  to  a  spin-reorientation  transition  in 
Nd5Ga2,5Bo.5Feii  at  about  130  K.^  These  results  suggest  that 
the  low-field  transitions  are  not  connected  with  the  magnetic 
anisotropy.  The  aim  of  the  present  work  is  to  obtain  informa¬ 
tion  about  the  origin  of  these  transitions  in  Nd6Ga3Feii  and 
Pr6Ga3Fei,. 

II.  EXPERIMENTAL  PROCEDURE 

The  compounds  Nd6Ga3„;,B^Fei,  and  Pr6Ga3_^B^Fe|| 
(a:=0,  0.5)  were  prepared  by  melting  together  appropriate 
amounts  of  pure  Nd,  Pr,  Ga,  Fe,  Fe-B  alloy  (20%  B)  in  an  arc 
furnace  in  a  purified-argon  atmosphere.  To  reach  homogene¬ 
ity,  the  ingots  were  inverted  and  melted  twice.  Wrapped  in 
Mo  foil,  the  as-cast  ingots  were  annealed  at  700  "C  for  2 
weeks  in  argon  atmosphe'^e.  By  x-ray  diffraction,  the  an¬ 
nealed  samples  were  found  to  possess  the  LafiGa3Coj,-type 
structure  and  to  contain  small  amounts  of  a-Fe. 

Magnetically  aligned  samples  were  prepared  by  mixing 
fine  powder  with  a  resin-doped  epoxy  solution  at  room  tem¬ 
perature  and  by  letting  the  mixture  solidify  in  a  mold  with  a 


cylindrical  hole  in  an  external  magnetic  field  of  0.8  T.  High- 
field  magnetization  curves  at  4.2  K  were  measured  in  the 
high-field  installation  at  the  University  of  Amsterdam  with 
the  field  applied  parallel  and  perpendicular  to  the  alignment 
direction  of  the  samples.  The  free-powder  magnetization  was 
measured  on  samples  consisting  of  fine  powder  particles 
which  could  freely  rotate  in  the  sample  holder  under  the 
influence  of  the  applied  external  fieid.  The  temperature  de¬ 
pendence  of  the  magnetization  was  measured  on  free-powder 
samples  between  4.2  and  260  K  in  a  field  of  3  T  in  an 
extracting-sample  magnetometer. 

III.  RESULTS  AND  DISCUSSION 

The  magnetization  curves  of  Nd6Ga3Feii  and 
NdjGazsBosFe,),  measured  parallel  and  perpendicular  to  the 
alignment  direction,  are  shown  in  Fig.  2.  In  the  dotted  mag¬ 
netization  curves  recorded  with  increasing  field,  the  transi¬ 
tions  earlier  reported^  to  occur  in  low  fields  (below  5  T)  are 
vaguely  distinguishable,  but  they  are  very  clearly  visible  in 
the  dMidB  curves  shown  in  Fig.  3.  In  the  perpendicular 


•  O  *  «  • 

Lai  U2  Ga  OaCo  Co 


FIG.  1.  Crys'al  structure  of  La^GajCou 
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FIG.  2.  Magnetization  curves  at  4.2  K  of  Nd«Ga]Fe||-based  compounds  for 
the  field  applied  parallel  (O)  and  perpendicular  (•)  to  the  alignment  direc¬ 
tion.  The  dotted  lines  correspond  to  data  obtained  by  means  of  a  triangular 
continuous-field  pulse  in  which  the  field  increases  linearly  with  time  up  to 
26  T  and  after  that  decreases  linearly. 


magnetization  of  NdfiGa2.5Bo.5Fe|i  there  is  also  a  transition 
around  20  T.  It  is  also  seen  in  Fig.  3  that  the  critical  fields  of 
the  low-field  transitions  hardly  depend  on  the  substitution  of 
B  for  Ga.  However,  the  magnetic  anisotropy  of  Nd6Ga3Fe,j 
is  considerably  enhanced  upon  substitution  of  B  for  Ga. 

In  Pr6Ga3Fcji  (Fig.  4),  the  magnetic  anisotropy  is  very 
small  (<S  T),  the  parallel  and  perpendicular  magnetization 
curves  coinciding  in  relatively  low  fields.  Similar  to 
Nd6Ga3Fe||,  the  substitution  of  B  for  Ga  results  in  a  higher 
magnetic  anisotropy.  Also  in  Pr6Ga3Feii  and 
Pr6Ga2.5B0.5Fe)),  transitions  are  found  at  low  fields  in  both 
the  parallel  and  the  perpendicular  magnetization  curves  (Fig. 
5).  The  critical  fields  of  these  transitions  are  again  nearly 
independent  of  B  substitution,  as  in  the  case  of  the 
Nd6Ga3Fe))-based  compounds.  For  Pr6Ga2.5B0.5FC)),  addi¬ 
tional  transitions  are  found  both  in  the  parallel  magnetization 


0  to  20  30 

8  t  T  1 


FIG.  3.  Field  dependence  of  dMIdB  of  Nd^GajFeu-based  compounds  at 
4.2  K  for  the  increasing-field  part  of  the  continuous-field  26  T  pulse. 
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FIG.  4.  Magnetization  curves  at  4.2  K  of  Pr^Ga^Fen-based  compounds  for 
the  field  applied  parallel  (O)  and  perpendicular  (#)  to  the  alignment  direc¬ 
tion.  The  dotted  lines  correspond  to  data  obtained  by  means  of  a  triangular- 
field  pulse  in  which  the  field  increases  linearly  with  tim':  up  to  26  T  and 
after  that  decreases  linearly. 

curve  (at  9  T)  and  in  the  perpendicular  magnetization  curve 
(at  17  T).  All  magnetization  curves  of  both  the  Nd6Ga3Fe))- 
and  the  Pr6Ga3Fe))-based  compounds  display  a  high  differ¬ 
ential  susceptibility  even  in  the  highest  applied  fields  indicat¬ 
ing  a  noncollinear  structure  to  be  present.  Assuming  that  the 
rare-earth  moments  and  the  Fe  moments  are  nearly  parallel  at 
35  T  and  that  Nd  and  Pr  have  the  free-ion  moment  values  of 
S.lOfig  and  3.27 fig,  respectively,  we  can  derive  for  both 
Nd6Ga3Fe))  and  Pr6Ga3Fe))  an  Fe  moment  of  about  l.lfig 
from  the  values  of  the  parallel  magnetization  at  35  T.  This 
value  for  the  Fe  moment  is  in  good  agreement  with  Moss- 
bauer  results.^ 

The  experimental  results  presented  above  show  that  sub¬ 
stitution  of  B  for  Ga  in  Nd6Ga3FC))  and  Pr6Ga3Fe))  hardly 
affects  the  low-field  transitions  in  these  compounds.  In  the 
Nd  compounds,  the  transition  fields  are  slightly  higher  than 
in  the  Pr  compounds.  Of  substantial  interest  is  the  fact  that 


FIG.  5.  Field  dependence  of  dMIdB  of  PfjGajFeu-based  compounds  at  4.2 
K  for  the  increasing-field  part  of  the  continuous-field  26  T  pulse. 
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FIG.  6.  Free-powder  magnetization  of  R^GajjBojFe,,  (R=Nd,  Pr)  com¬ 
pounds  at  4.2  K. 

the  transitions  are  observed  in  both  the  parallel  and  perpen¬ 
dicular  magnetization  curves.  Because  there  are  at  least  two 
transitions  in  each  magnetization  curve,  it  is  unlikely  that  all 
these  transitions  are  first-order  magnetization  transitions 
(FOMP)  as  observed  in  Nd2Fe|4B.'‘  Even  more  important  in 
this  respect  is  the  fact  that  the  transitions  appear  in  both  the 
parallel  and  the  perpendicular  magnetization  curves.  In  the 
case  of  FOMP  transitions  one  would  also  have  the  contradic¬ 
tion  that  the  anisotropy  fields  of  the  compounds  are  strongly 
enhanced  by  substitution,  whereas  the  critical  fields  of  the 
low-field  transitions  do  not  change.  These  low-field  transi¬ 
tions  are  therefore  nof  to  be  associated  with  the  overall  an¬ 
isotropy  of  the  compounds. 

To  further  investigate  the  nature  of  the  observed  transi¬ 
tions  we  performed  free-powder  magnetization  measure¬ 
ments  on  Nd6Ga3Feii,  NdgGa2.5Bo5Feii,  and 
Pr6Ga2  5Bo5Feii  with  the  idea  that  transitions  originating 
from  discontinuous  rotation  of  the  total  magnetization  vector 
as  occurs  in  a  FOMP  should  not  be  observable  in  free- 
powder  magnetization  curves.  Figure  6  shows  that  the  mag¬ 
netization  jumps  at  about  20  and  17  T  in  NdjGa2,5Bo5Feii 
(Figs.  2  and  3)  and  Pr6Ga2  5Bo.5Fe|i  (Figs.  4  and  5),  respec¬ 
tively,  have  completely  disappeared  in  the  free-powder  mag¬ 
netization  proving  these  transitions  to  be  of  the  FOMP  type. 
Only  at  low  fields  are  transitions  observed  in  the  free-powder 
data,  which  are  of  different  origin  and  may  be  associated 


BIT] 


FIG.  7.  Free-powder  magnetization  curve  at  4.2  K  of  Nd5GaFe|3.  The  line 
drawn  is  a  guide  to  the  eye. 

with  transitions  from  a  ferrimagnetic  spin  structure  to  a  fer¬ 
romagnetic  spin  structure. 

In  order  to  obtain  more  information  about  the  possible 
type  of  ferrimagnetic  spin  structure  in  these  compounds,  we 
measured  the  low-temperature  magnetization  of  compounds 
of  the  type  Nd6M3__fFe,i+^  (M=A1  or  Ga)  and  found^  that 
the  transition  fields  strongly  increase  when  Ga  or  A1  are  re¬ 
placed  by  Fe.  As  an  example,  the  result  for  Nd5Fe]3Ga  is 
shown  in  Fig.  7.  The  substituted  Fe  atoms  can  be  expected  to 
occupy  the  Co  positions  in  the  GaCo  layers  in  Fig  1(b), 
which  separate  the  R  and  the  Co  layers.  In  this  case,  the 
substituted  Fe  ions  will  very  likely  influence  the  strength  of 
the  interaction  between  the  moments  in  the  R  and  the  Fe 
layers.  The  result  in  Fig.  7  shows  that  this  interaction  is 
negative,  which  makes  it  tempting  to  conclude  that  in  these 
compounds  the  Nd-Fe  and  the  Pr-Fe  interaction  may  be  of 
the  ferrimagnetic  type.  This  would  be  the  first  example  of 
compounds  in  which  the  moment  configuration  deviates 
from  the  ferromagnetic  alignment  of  light-rare-earth  mo¬ 
ments  with  respect  to  the  transition-metal  moments,  which 
has  been  explained  by  Campbell.^ 

'O.  M.  Sichevich,  R.  V.  Lapunova,  A,  N.  Sobolev,  Yu.  N.  Grin,  and  Ya.  P. 
Yarmolynk,  Sov.  Phys.  Crystallogr.  30,  627  (1985). 

^H.-S.  Li,  B.-P.  Hu,  J.  M.  Gadogan,  J.  M.  D.  Coey,  and  J.  P.  Gavigan,  J. 
Appl.  Phys.  67,  4841  (1990). 

’Z.  G.  Zhao,  X.  K.  Sun,  Y.  C.  Chuang,  and  F.  R.  de  Boer,  J.  Alloys  Comp. 
190,  91  (1992). 

^M.  Sagawa,  S.  Fujimura,  M.  Togawa,  H.  Yamamoto,  and  Y.  Matsuura,  J. 
Appl.  Phys.  55,  2083  (1984). 

’Z.  G.  Zhao,  F.  R.  de  Boer,  and  K.  H.  J  Buschow  (unpublished) 

‘I.  A.  Campbell,  J.  Phys.  F  2,  L47  (1972). 
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Magnetic  properties  of  a  novel  Pr-Fe-Ti  phase 
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In  a  systematic  study  of  the  (Pri_;(Ti^)Fe5  alloy  series,  the  (Pro  65Tio  35)Fe5  alloy  has  been  found  to 
have  a  dominant  phase  with  either  the  rhombohedral  Th2Zni7  structure  or  the  newly  discovered 
Nd2(Fe,Ti)i9  (S.  J.  Collocott,  R.  K.  Day,  J.  B.  Dunlop,  and  R.  L.  Davis,  in  Proceedings  of  the 
Seventh  International  Symposium  on  Magnetic  Anisotropy  and  Coercivity  in  R-T  Alloys,  Canberra, 
July  1992,  p.  437)  structure,  depending  on  the  annealing  procedure.  Powder-x-ray-diffraction 
patterns  and  scanning  electron  microscopy  show  that  the  sample  annealed  at  a  temperature  of 
850  ®C  followed  by  1000  °C  has  the  2:17  structure  whereas  annealing  at  1000  °C  directly  leads  to 
the  new  2:19  structure.  Energy-dispersive  x-ray  analysis  yields  Pr:Fe:Ti  ratios  of  10.7:86.2:3.1  for 
the  Pr2(Fe,Ti)j7  phase  and  9.2:85.9:4.9  for  the  Pr2(Fe,'n),9  phase.  ^^Fe  Mossbauer  spectroscopy  (at 
295  K)  gives  values  for  the  average  ^’Fe  hyperfine  field  of  15.7  T  for  the  2:17  phase  and  17.5  T  for 
the  2:19  phase,  respectively. 


I.  INTRODUCTION 

The  discovery  of  the  new  Nd2(Fe,Ti)i9  phase,'  which  is 
an  intermediate  phase  between  the  well-known  Nd2(Fe,'fi))7 
and  Nd(Fe,Ti)i2  phases,  opens  up  an  alternative  choice  for 
potential  use  as  nitride  permanent  magnets  similar  to 
Sm2Fe,7N^ }  Magnetic  studies  showed  that  both  the  magne¬ 
tization  and  Curie  temperature  of  the  new  2:19  phase  are 
very  similar  to  those  of  the  2:17  phase.'’^  From  a  consider¬ 
ation  of  the  dumb-bell  replacement  sequence,  we  have 
shown  in  a  previous  article"*  that  the  2:19  phase  has  a  mono¬ 
clinic  structure^  derived  from  the  orthorhombic  ScFejGa^ 
structure.*’®  Both  the  Nd2(Fe,Ti)i7  and  Nd(Fe,Ti)i2  structures 
are  formed  by  the  replacement  of  a  fraction  of  the  Ca  sites  in 
the  hexagonal  CaCus  structure  with  transition-metal  dumb¬ 
bells.  This  process  may  be  illustrated  by  the  formula 

with  (i)  the  2:17  structure  corresponding  to  a:  =  1/3  and  (ii) 
the  1:12  structure  corresponding  to  a:  =  1/2.  For  the  new  2:19 
structure,  we  deduced  a  value  of  a: =2/5,  which  is  between 
1/3  and  1/2.  In  this  way,  we  revealed  a  possible  structure 
chain  for  the  CaCus-related  structures;  namely  1:5, 1:7, 2:17, 
2:19,...,  1:12."* 

In  this  article  we  report  results  from  our  systematic  study 
of  the  Pr-Fe-Ti  phase  diagram.  In  particular,  we  report  the 
formation  of  the  new  Pr2(Fe,Ti)i9  phase  and  also  preliminary 
results  from  a  study  of  the  magnetic  properties  of  this  new 
compound  by  *’Fe  Mossbauer  spectroscopy. 

II.  EXPERIMENTAL  METHODS 

Aseries  of  (Pr,__tTi^)Fe5  samples  with  x=0.1, 0.2,  0.25, 
0.3,  0.35,  0.4,  and  0.5  were  prepared  by  arc  melting  in  an 
argon  atmosphere.  All  samples  were  subsequently  annealed 
at  different  temperatures  in  sealed  quartz  tubes  under  argon. 
The  samples  were  wrapped  in  tantalum  foil  for  the  annealing 
process.  They  were  characterized  by  (i)  powder-x-ray  dif¬ 
fraction  (XRD)  using  CuK^a  radiation  and  (ii)  scanning  elec¬ 


tron  microscopy  (SEM)  with  energy-dispersive  x-ray  analy¬ 
sis  (ED AX).  *^Fe  Mossbauer  spectroscopy  was  carried  out  at 
295  K  in  a  standard  transmission  geometry  using  a  ^^CoRh 
source.  The  spectrometer  was  calibrated  with  an  a-Fe  foil. 

III.  RESULTS 

XRD,  SEM,  and  Mossbauer  analyses  show  that  all  the 
as-cast  samples  contain  large  amounts,  ~30%,  of  a-Fe(Ti), 
which  virtually  disappear  after  annealing  at  800  or  1000  °C 
for  3  days.  Only  the  (Prp  65Tio.35)Fe5  samples  show  the  exist¬ 
ence  of  the  new  2:19  phase,  which  we  study  in  detail  in  the 
remainder  of  this  article.  Results  for  the  remainder  of  the 
series  will  be  presented  elsewhere. 

In  Fig.  1  we  show  the  SEM  micrographs  of  the 
(Pro65Tio35)Fe5  samples:  (a)  annealed  at  850°C/3  days  fol¬ 
lowed  by  1000  °C/3  days  and  (b)  at  1000  °C/3  days;  we  de¬ 
note  these  two  samples  as  samples  A  and  B,  respectively.  For 
sample  A,  the  dominant  phase  is  2:17  with  a  Pr:Fe:Ti  ratio  of 
10.7:86.2:3.1  [Fig.  1(a)].  For  sample  B,  the  dominant  phase 
is  the  new  2:19  structure  with  a  Pr:Fe:Ti  ratio  of  9.2:85.9:4.9 
[Fig.  1(b)].  Both  samples  contain  small  amounts  of  a-Fe(Ti) 
impurity. 

These  SEM/EDAX  results  were  confirmed  by  the  pow¬ 
der  XRD  data  as  shown  in  Fig.  2.  The  XRD  pattern  of 
sample  A  shows  the  typical  reflections  of  the  rhombohedral 
Th2Zni7  structure  [Fig.  2(a)],  while  the  XRD  pattern  of 
sample  B  gives  a  2:19  structure,  in  which  there  is  a  charac¬ 
teristic  peak  located  at  ~39.7°  [Fig.  2(b)]  as  observed  in  the 
XRD  pattern  of  the  Nd2(Fe,Ti)i9  phase. 

Figure  3  shows  the  *^Fe  Mossbauer  spectra  collected  at 
295  K  for  sample  A  [Fig.  3(a)]  and  sample  B  [Fig.  3(b)].  Our 
analysis  of  these  two  spectra  employed  three  magnetically 
split  sextets  with  variable  linewidths.  Inclusion  of  extra  sub¬ 
spectra  in  the  fitting  procedure  has  little  effect  on  the  average 
hyperfine  field  value.  It  is  reasonable  to  believe  that  the 
Pr2(Fe,Ti)i9  phase  should  have  multiple  Fe  sites  since  the 
x-ray-diffraction  study  indicates  a  quite  complex  crystal 
structure.'’*  As  mentioned  earlier,  the  2-19  phase  is  an  inter- 
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FIG.  3.  ’’Fe  Mossbaucr  spectra  (at  295  K)  of  (Pr,,  ^5Ti|,  35)Fc5 :  (a) 
sample  A  and  (b)  sample  B  (same  as  in  Fig.  1).  Solid  lines  represent  the 
theoretical  fits. 


Flo.  1.  SEM  micrographs  of  (PrimTiojslFcs:  (a)  sample  A,  annealed  at 
850  °C  for  3  days  followed  by  1000  °C  for  3  days;  and  (b)  sample  B, 
annealed  at  1000  "C  for  3  days. 


mediate  pha.se  between  well-known  2-17  and  1-12  phases; 
these  two  phases  all  have  three  or  more  Fe  sites.  The  theo¬ 
retical  fits  are  represented  by  solid  lines  in  Fig.  3;  these  fits 
yield  an  average  ^^Fe  hyperfine  field  of  15.7  T  for  the 
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FIG.  2.  Powdcr-x-ray-diffraction  patterns  (CuXa)  of  (PronjTio^lFc,;  (a) 
sample  A  and  (b)  .sample  B  (same  as  in  Fig.  1). 


Pr2(Fe,Ti)i7  phase  and  17.5  T  for  the  Pr2(Fe,Ti)i9  phase,  re¬ 
spectively.  The  difference  in  the  magnitude  of  the  average 
hyperfine  field  between  the  2:17  and  2:19  Pr-Fe-Tf  phases  is 
1.8  T,  compared  to  the  corresponding  value  of  2.3  T  in  the 
Nd-Fe-Ti  system  (18.9  T  for  the  2:17  phase  and  21.2  T  for 
the  2:19  phase).'* 

IV.  CONCLUSION 

By  using  a  combination  of  SEM/EDAX,  powder-x-ray 
diffraction,  and  '’’Fe  Mossbauer  spectroscopy  we  have  inves¬ 
tigated  the  formation  of  a  new  ternary  intermetallic  phase  in 
the  Fe-rich  corner  of  the  Pr-Fe-Ti  phase  diagram,  namely 
Pr2{Fe,Ti)i9,  with  a  structure  derived  from  the  orthorhombic 
ScFe^Gas  structure.  Mossbauer  data  show  a  distinguishable 
difference  in  magnitude  of  the  average  ^’Fe  hyperfine  field 
(at  295  K)  of  the  2:17  (15.7  T)  and  2:19  (17.5  T)  phases. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  the  award  of  a  Research 
Fellowship  to  H.S.L.  by  the  Australian  Research  Council 
(ARC).  Research  grants  from  the  ARC  and  Post-Graduate 
Scholarships  to  Suharyana  by  the  Indonesian  Goverment  and 
AIDAB  are  also  gratefully  acknowledged. 

'  S.  J.  Collocott,  R.  K.  Day,  J.  B.  Dunlop,  and  R.  L.  Davis,  in  Proceedings 
of  the  Seventh  International  Symposium  on  Magnetic  Anisotropy  and  Co- 
ercivity  in  R-T  Alloys,  Canberra,  July  1992,  p.  437. 

‘  H.-S.  Li  and  J.  M.  D.  Coey,  in  Handbix^  of  Magnetic  Materials,  edited  by 
K.  H.  J.  Buschow  (FIsevier,  Amsterdam,  1991),  \bl.  6,  Chap.  1,  p.  1. 

^J.  M.  Cadogan,  H.-S.  Li,  R.  L.  Davis,  J.  B.  Dunlop,  A.  Margarian,  and  P. 
B.  Gwan,  this  Conference. 

*H.-S.  Li,  J.  M.  Cadogan,  J.-M.  Xu,  S.  X.  Dou,  and  H.  K.  Uu,  ICAME  ’93, 
Aug.  8-13,  1993,  Vancouver  (to  be  published  in  Hyperfine  Interactions). 
*N.  M.  Belyavina  and  V.  Ya.  Markiv,  Dopov.  Akad.  Nauk.  Ukr.  RSR  Ser.  B 
12,  30  (1982). 

'“F.  Weitzer,  K.  Hiebl,  P.  Rogl,  and  Yu.  N.  Grin,  J.  Appl.  Phys.  68,  3512 
(1990). 


J.  Appl.  Phys.,  Vot.  75,  No.  10,  15  May  1994 


Uetal.  7121 


Magnetic  properties  of  Gd(Fei  -xCOx)9Ti2  alloys 
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Four  samples  of  Gd(Fei 00^)9X12  with  j:=0.0,  0.1, 0.2,  and  0.3  were  prepared  by  conventional  arc 
melting  followed  by  annealing  at  1000  “C  for  3  days.  Powder-x-ray-difffaction  patterns  of  these 
samples  show  that  all  of  the  samples  have  a  dominant  phase  with  the  tetragonal  CeMnsNis  structure. 
Traces  of  TiFe2  are  also  present.  ^’Fe  Mossbauer  spectra  have  been  collected  at  80  and  295  K. 
X-ray-difffaction  patterns  and  Mossbauer  spectra  on  magnetically  aligned  samples  indicate  that  the 
easy  axis  of  magnetization  is  the  crystallographic  c  axis.  The  Curie  temperature  increases 
monotonically  with  increasing  cobalt  concentration.  The  average  hyperfine  field  at  80  K  reaches  a 
maximum  of  26.8(5)  T  for  x'«0.2. 


I.  INTRODUCTION 

Rare-earth  (R)  transition-metal  (T)  intermetallic  com¬ 
pounds,  denoted  as  RTn,  with  the  tetragonal  CeMn^Nis 
structure  ‘'ave  been  the  subject  of  several  investigations.'"^ 
In  particular,  it  has  been  shown*  that  the  series  of  interme¬ 
tallic  compounds  GdFe9__,Co^Ti2  crystallize  in  the  tetragonal 
CeMngNis  structure  with  the  space  group  P4/mbm.^  The 
Curie  temperature  T,.  of  the  GdFe9_^Co^Ti2  compounds  for 
x=0,  1,  and  3  has  also  been  determined*  and  it  was  found 
that  the  Tf.  increased  monotonically  with  Co  concentration, 
from  280  to  450  K. 

A  special  study  has  also  been  made  of  the  tetragonal 
ThMni2  phase  in  GdFe,2_^Ti;f  compounds  with  and 

I. 5,^  and  Sm-Fe-Ti-Nb  alloys  in  the  atomic  ratio  of 
14.5/75.0/9.5/1.0.^  Even  though  the  emphasis  was  on  the 
1-12  structure,  the  formation  of  a  secondary  1-11  phase,  with 
the  CeMnjNis  structure,  in  annealed  samples  of  both  as-cast 
and  melt-spun  samples,  was  observed.  A  CeMn^Nis  1-11 
phase  has  also  been  reported  in  the  Sm-Fe-Ti  system  near  the 
tie  line  Sm2Fei7-TiFe2.''  Finally,  the  CeMn^Nis  structure  has 
also  been  observed  in  YFen-^TL  alloys,^  when  x=2. 

In  this  paper,  we  report  ^’Fe  Mossbauer  experiments  on 
both  magnetically  aligned  and  random  powder  samples  of 
Gd(Fei  _^Co,)9Ti2.  It  is  shown,  both  by  Mossbauer  spev.  .ros- 
copy  and  x-ray  diffraction  (XRD),  that  the  direction  of  easy 
magnetization  lies  along  the  c  axis,  at  least  for.r>0.  It  is  also 
found  that  the  average  ^’Fe  magnetic  hyperfine  field  in 
Gd(Fei_^Co^)9Ti2  reaches  a  maximum  when  x=Q.2,  in  ac¬ 
cord  with  expectations  based  on  the  Slater-Pauling  curve  for 
Fe/Co  alloys. 

II.  EXPERIMENTAL  DETAILS 

The  samples  of  Gd(Fei  _^Co^)9Ti2  with  x=0.0, 0.1,  0.2, 
and  0.3  were  prepared  by  arc  melting,  followed  by  annealing 
at  1000  °C  for  3  days.  Powder  XRD  patterns  were  obtained 
using  a  Siemens  diffractometer  with  CuXa  radiation.  The 
samples  comprise  a  dominant  phase  with  the  tetragonal 
CeMn^Nis  structure,  but  with  traces  of  TiFe2.  The  *’Fe 
Mossbauer  spectra  were  collected  at  80  and  295  K  using  a 
constant  acceleration  transmission  spectrometer,  with  a 
^^CoRh  source.  The  low-temperature  Mossbauer  spectra 
were  obtained  using  an  Oxford  Instruments  CF506A  continu¬ 
ous  flow  cryostat  and  an  ITC-4  temperature  controller  (±0.1 
Kj.  The  spectrometer  was  calibrated  using  an  a-Fe  foil.  The 


magnetically  aligned  samples  were  prepared  by  mixing  fine 
powder  with  epoxy  resin  and  subsequently  allowing  the  mix¬ 
ture  to  set  in  an  applied  magnetic  field  of  2.0  T  at  295  K.  For 
the  Mossbauer  experiments  on  aligned  samples,  the  y-ray 
direction  was  parallel  to  the  direction  of  magnetic  alignment. 
Curie  temperatures  were  determined  using  ac  susceptibility 
measurements  with  a  frequency  of  87  Hz.  In  addition,  ac 
susceptibility  measurements  were  also  carried  out  in  the  tem¬ 
perature  range  77-295  K,  but  no  signs  of  magnetization  re¬ 
orientations  were  observed. 

III.  RESULTS 

TVpical  XRD  patterns  on  a  random  powder  and  a  mag¬ 
netically  aligned  samples  of  Gd(Fei  _^Co^)9Ti2  fc"  x=0.3 
can  be  seen  in  Figs.  1(a)  and  1(b),  respectively.  Similar  re¬ 
sults  were  obtained  for  a: =0.1  and  0.2.  For  x=0  the  Curie 
temperature  T,,  lies  below  room  temperature,  thereby  pre¬ 
cluding  measurements  on  aligned  samples.  The  main  reflec- 
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FIG.  1.  X-ray-diffraclion  patterns  for  a  (a)  random  powder  and  (b)  magneti¬ 
cally  aligned  sample  of  GdiFco  70003)9112. 
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TABLE  I.  Lattice  parameters,  Curie  temperature,  and  average  hyperfine 
field  of  Gd(Fe,_^Co^)9Ti2  compounds  with  x=0.0,  0.1,  0.2,  and  0.3. 


X 

a  (A) 

c  (A) 

r,(K) 

(T) 

295  K  80  K 

0.0 

8.247(7) 

4.837(7) 

285(5) 

25.4(5) 

0.1 

8.244 

314 

14.3(5) 

26.7 

8.293 

4.856 

398 

26.8 

PH 

8.222 

4.866 

423 

21.3 

25.1 

tion 

peaks  were 

indexed 

according 

to  the 

tetragonal 

CeMn5Ni5  structure,  but  with  traces  of  the  hexagonal  Laves 
phase  TiFe2.  From  a  comparison  of  the  random  powder  and 
aligned  x-ray  patterns,  it  is  clear  that  the  easy  axis  of  mag¬ 
netization  is  the  crystallographic  c  axis  of  the  tetragonal 
CeMnsNis  structure.  Only  the  (002)  reflection  is  important  in 
the  magnetically  aligned  sample.  In  Table  I  we  give  the  lat¬ 
tice  parameters  as  a  function  of  the  Co  concentration.  Also 
included  in  Table  I  are  the  Curie  temperatures  determined  by 
ac  susceptibility  measurements,  which  rise  monotonically 
with  increasing  Co  concentration. 

The  ^^Fe  Mossbauer  spectra  at  295  K  obtained  using 
polycrystalline  powder  samples  can  be  seen  in  Fig.  2(a).  The 
spectra  were  fitted  with  (i)  four  magnetically  split  sextets  and 
(ii)  a  quadrupole  doublet  for  the  TiFe^  contaminant.  The 
TiFe2  Laves  phase  appears  in  a  rather  wide  compositional 
range,  26.9-35.4  at.  %  Ti.’  The  measured  quadrupole  split- 
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FIG.  2.  ^’Fc  Mossbauer  spectra  for  random  powder  samples 
of  Gd(Fei_^Co^)9Ti2,  where  a:=0.0,  0.1.  0  2,  and  0  3  at  (a)  80  K  and 
(b)  295  K. 
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FIG.  3.  *’Fc  Mossbauer  spectra  for  a  magnetically  aligned  sample  of  ‘ 

Gd(Feo  7(2003)9^12  at  295  K.  ; 

1 

I 

ting  was  found  to  be  0.35  mm/s,  which  is  somewhat  k 
than  the  value  of  0.4  mm/s  for  pure  crystalline  TiFeo  .* 

Because  of  the  considerable  broadening  of  the  hyperfine 
field  distribution,  caused  by  the  Fe/Co  occupations  of  the 
nearest-neighbor  shells,  the  linewidths  of  the  outer,  midle, 
and  inner  lines  of  the  magnetically  split  spectni  were  varied 
independently.  In  practice,  the  area  of  the  Mossbauer  spec¬ 
trum  as-sociated  with  the  contaminant  TiFe2  was  found  to  be 
**15%.  The  ^’Fe  Mossbauer  spectra  at  80  K  can  be  seen  in 
Fig.  2(b).  The  situation  is  now  slightly  more  complicated 
because  the  TiFe2  impurity  phase  is  magnetically  split  below 
280  K.’  At  80  K  we  find  the  magnetic  hyperfine  field  of 
TiFe2  in  our  compounds  to  be  *=7  T,  which  is  in  reasonable 
agreement  with  that  determined  by  other  workers.’''® 

The  average  ^^Fe  magnetic  hyperfine  field  as  a  function  » 
of  the  Co  concentration  can  be  seen  in  Table  I.  This  reveals 
that  at  80  K  the  magnetic  hyperfine  field  reaches  a  maximum 
when  x**0.2.  This  is  in  reasonable  agreement  with  expecta¬ 
tions  based  on  the  Slater-Pauling  curve  for  Fe-Co  alloys."  '- 
Similar  behavior  has  been  observed  in  the  Y(Fei_^CoJ2i'^ 
Y(Fei_^Coj3,  and  Dy(Fei_jCo^)3  (Ref.  14)  intermetallic 
compounds.  This  observation  suggests  that  the  magnitudes  of 
both  the  Fe  magnetic  moments  and  hyperfine  fields  are  de¬ 
termined,  primarily,  by  the  3d  bands  associated  with  the 
Fe/Co  sublattices. 

In  Fig.  3  the  ^’Fe  Mossbauer  spectrum  of  a  magnetically 
aligned  Gd(Feo  7C00  3)9Ti2  sample  at  295  K  can  be  seen.  The 
solid  line  represents  a  theoretical  fit,  obtained  using  a  vari-  , 

able  angle  d,  between  the  c  axis  and  the  direction  of  incident 
7  rays.  The  computed  value  of  6  was  found  to  be  21,0°,  • 

which  strongly  supports  our  conclusion  based  on  the  x-ray 
data,  shown  in  Fig.  1(b).  Thus,  the  easy  direction  of  magne-  ; 

tization  is  the  crystallographic  c  axis  of  the  tetragonal  j 

CeMn^Nij  structure.  Since  Gd^^  is  in  S  state,  the  magneto¬ 
crystalline  anisotropy  of  compounds  under  investigation 
must  be  determined  by  the  properties  of  the  Fe/Co  sublat¬ 
tices.  ' 

IV.  CONCLUSIONS  ; 

^7  I 

Both  powder-x-ray  diffraction  and  Fe  Mossbauer  ex-  5 

periments  on  magnetically  aligned  samples  show  that  the  t 
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i  FIG.  5.  Dependencies  of  saturation  magnetization  Af ,  on  Xe  pressure  Pxe  • 


arrive  at  the  substrate  after  a  few  collisions  with  atoms  of  the 
working  gas.  The  Fe,  0,  and  even  Ba  atoms  sputtered  by  Xe 
ions  can  arrive  at  the  substrate  with  relatively  high  kinetic 
energy,  enough  to  form  BaM  ferrite  crystallites  with  good 
c-axis  orientation.  Therefore,  the  values  of  A0jo  for  both 
BaM  layers  deposited  at  Pat+Oj  ^Xe+Oj  of  O-l  were 
smaller  and  almost  the  same. 

At  Pxc  of  0.04  Pa,  the  sputtering  phenomena  and  the 
collision  of  sputtered  particles  with  the  working  gas  seemed 
to  be  more  complicated.  There  may  be  apparent  differences 
in  kinetic  energies  among  deposited  particles.  Although  the 
atoms  sputtered  by  heavier  Xe  ions  and  collided  with  Ar  or 
Xe  atoms  seem  likely  to  possess  relatively  high  energy  and 
make  a  long  walk  on  the  substrate,  the  atoms  sputtered  by 
lighter  Ar  ions  and  collide  i  with  heavier  Xe  atoms  seem 
likely  to  possess  insufficient  energy  for  a  random  walk  on  the 
substrate.  Therefore,  of  the  BaM  layer  deposited  in 
mixed  gases  at  Pxc  of  0-04  Pa  might  take  a  larger  value  than 
those  at  P^t  of  0.00  and  0.09  Pa.  It  also  seems  that  this 
nonuniformity  of  kinetic  energy  of  deposited  particles  causes 
a  very  rough  and  nonuniform  surface  morphology  for  the 
films  deposited  in  a  mixture  ga.ses  as  seen  in  Figs.  3(c)  and 
3(d). 

C.  Magnetic  characteristics 

Figure  5  shows  the  dependencies  of  the  saturation 
magnetization  M,  of  the  BaM  layer.  of  the  BaM  layer 
deposited  at  Pxe  of  0.00  Pa  took  the  maximum  value  of  350 
emu/cm^  and  was  not  so  different  from  the  bulk  M,  of  380 
emu/cm^.  A/j  decreased  with  increase  of  Px*  up  to  0.04  Pa 
and  took  the  minimum  value  of  196  emu/cm^  at  Pxe  of  0.04 
Pa,  of  which  the  value  was  as  relatively  large  as  293 
emu/cm^  at  P^t  of  0.09  Pa.  These  dependencies  seemed  to 
have  a  relationship  distinctly  close  to  the  layer  morphology 
and  of  films  as  seen  in  Figs.  3  and  4. 

Figure  6  shows  the  Pxe  dependencies  of  the  perpendicu¬ 
lar  and  in-plane  coerclvities  ^  and  ,  respectively.  Al¬ 


1 

! 


FIG.  6.  Dependencies  of  perpendicular  and  in-plane  coercivities  //<,i 
Hcf  on  Xe  gas  pressure  P^c  ■ 

though  Hc^  was  almost  constant  at  about  2.0  kOe,  Hc\\  took 
the  maximum  value  of  0.6  kOe  at  Pxe  of  0.04  Pa.  Since  H<,|| 
corresponds  apparently  to  A  ^50,  such  a  large  Hc\\  at  Pxc  of 
0.04  Pa  was  attributed  to  the  degradation  of  crystallinity  im¬ 
plied  by  larger  A  ^50  ut  Pxc  of  0.04  Pa  as  seen  in  Fig.  4. 

IV.  CONCLUSION 

BaM  ferrite  layers  were  deposited  on  a  ZnO  underlayer 
at  T,  of  600  “C  at  P^r+xe  of  0.09  Pa  and  O2  at  Pq^  of  0.01 
Pa.  The  obtained  results  are  as  follows. 

(i)  BaM  layers  deposited  at  Pxe  of  0.09  Pa  revealed  a 
smooth  surface  appearance  and  excellent  crystallinity  with 
A^50  of  4“.  In  addition,  they  exhibited  good  magnetic  char¬ 
acteristics  such  as  A/j  and  Hd  and  Hc\\  of  about  293 
emu/cm^  and  2.0  and  0.3  kOe,  respectively. 

(ii)  BaM  layers  deposited  in  the  mixed  gas  at  P^,,  Pxe> 
and  Poj  of  0.05,  0.04,  and  0.01  Pa,  respectively,  had  rough 
surface  texture  and  worse  crystallinity  with  A05o  of  S.7°. 
They  exhibited  smaller  A/^  and  higher  //(.||  of  196  emu/cm^ 
and  0.6  kOe,  respectively. 

It  seems  to  be  possible  to  deposit  the  BaM  layer  with 
good  crystallinity  and  magnetic  characteristics  on  a  ZnO  un¬ 
derlayer  using  a  mixture  of  O2  and  Xe  instead  of  Ar  as  the 
sputtering  gas. 
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Magnetic  resonance  results  in  Pdj ,  with  various  Fe  concentrations,  are  reported.  The  samples 
were  prepared  in  the  form  of  foils,  200  and  100  /xm  thick,  and  Fe  concentrations  of  0.2, 0.5, 1.0,  and 

1.5  at.  %.  The  experiments  were  carried  out  at  low  temperature,  close  to  the  of  each  alloy.  For 
the  more  concentrated  alloys  and  magnetic  field  perpendicular  to  the  foil,  more  than  one  line  is 
observed.  The  anomalies  in  the  resonance  spectrum  are  interpreted  in  terms  of  the  existing  giant 
moments  in  these  alloys. 


I.  INTRODUCTION 

Pd]  _;,Fe;t  is  ferromagnetic  at  low  temperature,  the  Curie 
temperature  T^x),  depending  on  Fe  concentration.  In  an 
early  magnetic  resonance  experiment,'  made  at  temperatures 
between  1.5  and  25  K,  a  single  line  was  observed  forx=s0.5, 
and  with  the  g  value  close  to  2.18.  No  anomaly  in  the  spectra 
was  reported. 

In  our  experiments,  using  samples  of  the  same  shape,  we 
found  extra  resonance  lines  for  Fe  concentrations  larger  than 
0.5%.  It  was  also  observed  for  low-concentration  samples 
that  the  spectra  are  distorted.  To  investigate  the  origin  of 
these  lines,  we  observed  the  resonance  as  a  function  of 
sample  thickness,  Fe  concentration,  and  for  temperatures 
close  to  r((x). 

It  is  well  known  that  Fe  impurities  dissolved  in  highly 
exchange-enhanced  materials  such  as  Pd  induce  giant  mo- 
tnents  due  to  the  propagating  polarization  in  the  highly  po¬ 
larizable  host.^  Since  the  coupling  of  the  Fe  moment  to  this 
magnetic  cloud  is  strong,  one  expects  that  the  resonance 
spectrum  may  be  different  from  that  of  isolated  Fe  atoms  in, 
say,  an  insulating  cubic  material.  Also,  this  complex  metallic 
system  requires  a  specific  adaptation  of  the  usual  resonance 
theory.  Although  aware  that  Fe  moments  here  are  not  local¬ 
ized  in  the  same  sense  of  a  rare  earth,  we  assume  the  reso¬ 
nance  theory  for  local  moments  apply.  The  existence  of  po¬ 
larized  clusters,  which  follow  the  dynamics  of  the  central  Fe 
moment,  will  be  included  as  an  effective  “anisotropy.”  Due 
to  the  shape  of  the  samples,  we  derive  parallel  and  perpen¬ 
dicular  expressions  for  the  field  for  resonance. 


II.  EXPERIMENTAL  PROCEDURES 

The  samples  were  arc  melted  under  argon  atmosphere 
using  99.9%  Fe  and  99.99%  Pd.  The  button  was  cold  rolled 
to  200  fim  and  the  thinner  samples  for  the  same  concentra¬ 
tion  were  obtained  from  this  foil.  All  samples  were  annealed 
in  argon  at  810  °C  for  3  days  before  the  experiments. 

The  magnetic  resonance  experiments  were  carried  out  in 
a  home-made  homodine  spectrometer  with  3  mW  microwave 
power  in  X  band  (9.34  GHz)  and  field  modulation  of  40  Oe 
peak  to  peak  at  10  kH;-:.  The  samples  were  attached  to  the 
cold  finger  of  the  temperature  variation  system  using  thermal 
paste  and  Teflon  tape.  There  was  no  contribution  of  the  base 


line  to  the  spectra  at  low  temperature  because  the  signal  of 
the  sample  is  very  intense. 

III.  EXPERIMENTAL  DATA  AND  ANALYSIS 

The  magnetic  resonance  spectra  of  Pdj  -j^Fe^  foils  of  200 
jxm  thickness  and  several  concentrations  are  shown  in  Fig.  1. 
Clearly  the  spectrum  is  composed  of  more  than  one  line,  in 
particular  for  concentrations  above  0.5%.  This  observation 
induces  a  natural  question  about  the  existence  of  extra 
phases. 

Since  Fe  is  quite  soluble  in  Pd,  thermal  annealing^  re¬ 
moves  any  existent  sample  inhomogeneity  and  other  metallic 
phases  such  as  Pd3Fe.  It  remains  to  exclude  other  materials 
such  as  insulating  oxides.  To  check  this  point  the  sample  is 
reduced  to  powder,  obtained  from  the  same  button.  The  re¬ 
sult  is  a  perfect  Dysonian  line,  characteristic  for  metals,  thus 
excluding  the  existence  of  oxides. 

It  is  known  that  the  lamination  process  can  originate 
some  degree  of  orientation  of  the  foils.  To  find  out  the  influ¬ 
ence  of  the  resulting  (110)  orientation  of  the  foil  on  the  reso¬ 
nance  results,  spectra  were  obtained  for  a  200  pm  slab,  cut 


EXTERNAL  FIELD  (kOe) 


FIG.  1  Pd;Fe(x),  x=0.2%,  0.5%,  1%,  1.5%  resonance  spectra  at  7  K  and 
9.343  GHz  of  200  /am  foils  with  external  field  perpendicular  to  the  surface. 
Dots  indicate  experiment  and  line  indicates  calculation. 
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FIG.  2.  Pd;Fe(jc),  x=0.2%,  0.5%,  1%,  1.5%  resonance  spectra  at  7  K  and 
9.343  GHz  of  200  /xm  foils  with  external  field  parallel  to  the  surface.  Dots 
indicate  experiment  and  line  indicates  calculation. 


from  the  1%  button,  using  a  0.2-nim-thick  diamond  saw.  The 
result  as  compared  to  Fig.  1  indicated  the  same  spectrum, 
thus  discarding  the  influence  of  orientation,  since  the  button 
was  completely  nonoriented. 

In  Figs.  1  and  2  we  show  the  spectra  for  200  fim  foils, 
for  several  concentrations,  parallel  and  perpendicular  exter¬ 
nal  field  orientation,  at  7  K.  The  lower-field  line  shows  less 
variation  as  compared  to  the  high-fleld  one  when  Fe  concen¬ 
tration  is  changed. 

A  possible  interpretation  for  this  comes  from  the  magne¬ 
tization  behavior.  When  Fe  concentration  is  increased,  T^(x) 
and  M  increase,  the  same  occurring  with  the  demagnetiza¬ 
tion  field,  thus  shifting  the  position  of  the  resonance  line. 
Since  the  magnetization  is  not  saturated,  demagnetization  is 
field  dependent  and  consequently  the  two  lines  will  not  shift 
the  same  amount.  For  0.2%  and  T>  we  observed  one  line 
with  metallic  shape  but  a  field  orientation  dependence  still 
persists. 

The  interpretation  of  our  experimental  spectra  relies  on 
two  possibilities.  Tlie  first  one  considers  the  existence  of 
“good”  moments,  subjected  to  shape  demagnetization  and 
effective  anisotropy  field.  The  second  contemplates  long- 
range  macroscopic  ferromagnetic  order.  However,  in  usual 
ferromagnetic  resonance  one  must  fulfill  special  conditions'* 
to  observe  this  two-line  scenario. 

We  adopt  then  a  modified  version  of  the  first  possibility, 
taking  into  account  the  existence  of  the  giant  moments.  Then 
one  introduces  effective  spins  submitted  to  anisotropy,  the 
origin  of  the  latter  being  associated  with  the  existence  of 
giant  moments.  These  giant  moments  induced  in  Pd  by  the 
Fe  impurity,  confined  in  these  foils,  and  strongly  coupled  to 
the  Fe  moments,  will  hinder  the  free  rotation  of  the  Fe  mo¬ 
ments.  It  is  then  reasonable  to  describe  this  effect  through  an 
effective  anisotropy  induced  by  these  large  magnetic  clus¬ 
ters.  This  anisotropy  acts  on  the  effective  local  magnetic  mo¬ 


ments  in  such  a  way  as  to  produce  a  spectrum  with  two 
possible  g  values. 

From  now  on  we  assume  the  usual  theory  for  resonance 
phenomena,  taking  into  account,  however,  that  Dysonian  line 
shapes  exist  with  two  g  values:  ^nd  gp.  It  is  essential, 
however,  to  take  into  account  that  one  has  a  polycrystalline 
sample,  and  thus  a  powder  spectrum  should  be  calculated.  In 
principle,  for  temperatures  larger  than  we  should  get  one 
distorted  line,  but  corrections  due  to  internal  fields  are  nec¬ 
essary  in  both  ordered  and  disordered  magnetic  phases. 

The  internal  effective  field  for  perpendicular  [Eq.  (la)] 
and  parallel  [Eq.  (lb)]  orientations  of  the  external  field  H  to 
the  foil  are  given  by® 

(la) 

H,g=  M//+47rA/,-//J,  (lb) 

where  47r  is  the  demagnetization  factor  for  the  foil  and  Hg  is 
the  phenomenological  effective  anisotropy  field  attributed 
here  to  field  inhomogeneities,  surface  effects,  magnetocrys- 
talline  anisotropy,  etc.  Af^  is  the  saturation  magnetization, 
but  since  we  are  close  to  Tg,  we  use  M{H)  instead.  We 
assume  that  the  alloy  magnetization  varies  linearly  with  field, 
in  the  range  from  0  to  4  kOe,  such  that  M  =  A/o+//  dMIdH. 
Since  we  are  close  to  only  terms  proportional  to  H  are 
retained.  Here,  Mq-O  and  dMIdH  is  a  fitting  parameter. 

The  intensity  of  the  first  derivative  of  the  powder  spec¬ 
trum  is  given  by® 

fWl  [l+(//||///')2] 

r(H)=cJ^^  FW)  pr(sWi  ® 


where  C  is  the  amplitude,  H\\=hvl ^L|,g•^\,  H^  =  hvl ix^gi 
with  V  the  microwave  frequency  and  jx^  the  Bohr  magneton, 
is  the  field  derivative  of  the  metallic  line  shape 


1  +  ax 

(H^’ 


x= 


A// 


(3) 


In  this  expression,  a  is  a  dispersion  parameter.  A//  is  the 
linewidth,  and  the  effective  field  is  given  by  Eq.  (1) 
using  M  in  the  limit  of  linear  field  dependence  and  negleting 
Hg .  The  field  derivative  of  the  line  is 


F'(//,//')« 


B  (  dM\ 


/  ^  dM\ 


F'{H,H')^ 


BH  I  dM  \] 


(4a) 

(4b) 


respectively,  for  H  parallel  and  perpendicular  to  the  foil, 
whereA=(l  +  ax)/(l-l-x^),B  =  -dA/dx.  Expressions  (4a) 
and  (4b)  are  substituted  in  expression  (2)  to  fit  the  experi¬ 
mental  data  with  an  overall  amplitude  C,  A//,  Hp  H^,  a, 
and  dM/dH  as  fitting  parameters. 

The  results  are  shown  in  Table  I  and  Figs.  1  and  2  show 
the  theoretical  curves.  Considering  the  degree  of  complexity 
presented  by  Eq.  (2),  the  fitting  to  the  experimental  data  is 
quite  good.  For  jc=0.2,  there  is  no  clear  evidence  for  an  extra 
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TABLE  I.  Fitting  parameters  of  the  powder  spectra  for,r=7  K  and  200  /ixa. 
S±5%,  hH±XWo.  The  symbols  1  and  ||  in  the  first  column  refer  to  the 
external  field  orientation  to  the  sample  surface. 


Cone. 

at.% 

g  perp 

«ll 

AH 

(kOe) 

dM/dH 

(10-") 

0.2 

i 

2.15 

2.17 

0.212 

9 

II 

2.19 

2.21 

0.229 

15 

0.5 

1 

2.14 

2.35 

0.098 

58 

II 

2.19 

2.28 

0.105 

42 

1.0 

1 

1.91 

2.44 

0.141 

60 

II 

2.19 

2.44 

0.167 

155 

1.5 

1.80 

2.40 

0.147 

60 

II 

2.14 

2.58 

0.160 

ns 

line  and  the  and  g||  values  are  very  close  to  each  other.  We 
verify  also  that  dMIdH  is  not  large  and  with  near  values  for 
both  orientations.  This  fact  seems  reasonable  since  the  work¬ 
ing  temperature  is  7  K  and  is  about  4  K.  For  this  sample, 
the  linewidth  as  a  function  of  temperature  is  linear,  the  g 
value  close  to  2.18.  This  behavior  is  appropriate  for  a  para- 
magnet,  but  we  should  mention  that  the  internal  field  is  cor¬ 
rected  by  about  100  Oe  due  to  the  high  susceptibility  of  the 
sample. 

For  higher  concentrations,  the  difference  between  gi  and 
g|l  increases  as  concentration  goes  to  1.5%,  showing  that  the 
anisotropy  associated  with  the  giant  moment  is  also  increas¬ 
ing.  This  is  associated  with  the  improvement  of  connectivity 
in  the  percolating  and  interacting  magnetic  clusters  embed¬ 
ded  in  the  foil-like  sample. 

The  effective  anisotropy  field  Ha  is  evaluated  for 
jc 5*0.5%  in  the  following  way:  Considering  that  HJH-^l  we 
note  from  Eqs.  (la)  and  (lb)  that  the  correction  to  the  inter¬ 
nal  field  is  very  small  for  H  parallel  to  the  sample  surface,  so 
we  assume  that  the  correct  g  values  are  extracted  from  this 
configuration.  Hg  is  then  evaluated  by  the  difference  of  the 
fields  corresponding  to  for  both  configurations  of  the  ex¬ 
ternal  field  (g||  is  not  used  here  because  it  is  more  affected  by 
error).  The  values  for  Hg  are  70,  450,  and  590  Oe,  respec¬ 
tively,  for  0.5%,  1%,  and  1.5%.  The  obtained  anisotropy 
fields  are  small  as  compared  to  the  resonance  field  and  in¬ 
crease  with  increasing  Fe  concentration.  This  results  from 
the  improved  ferromagnetic  properties  of  the  samples. 

In  Fig.  3  we  show  the  temperature  dependence  of  the 
resonance  spectra  for  a:=1%.  When  temperature  increases 
gjff  decreases  toward  2.1  and,  for  T>Tc  (r<.'“38  K),  the 
spectrum  shows  a  single  line. 


FIG.  3.  Temperature  dependence  for  Pd:Fe(l%),  200  fim,  and  external  field 
perpendicular  to  sample  surface. 

IV.  CONCLUSIONS 

We  have  presented  a  very  simple  model  for  the  reso¬ 
nance  in  PdFe  alloys,  characterized  by  the  existence  of  giant 
moments.  We  define  effective  localized  moments  to  describe 
the  resonance  spectrum.  Also,  anisotropy  associated  with  the 
giant  moment  is  responsible  for  slightly  different  g  values, 
originating  the  powder  spectrum. 

Using  the  g  shift  for  the  Ar=0.2%  and  1.5%,  the  pJ  prod¬ 
uct  ratio  is  estimated  to  be  1.4.  This  is  consistent  with  a 
higher  coupling  of  the  interacting  clusters,  qualitatively 
understood  in  terms  of  an  effective  spin,  via  an  increasing 
product  pJ. 
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CeFe2  orders  ferromagnetically  (FM)  below  Tc=2n  K;  however,  this  FM  state  is  inherently 
unstable  and  partial  substitution  of  Fe  by  Co  precipitates  the  instability  of  FM  state  and  a 
ferromagnetic  to  antiferromagnetic  (AFM)  phase  transition  is  observed  at  lower  temperature.  This 
second  phase  transition  is  a  first-order  phase  transition.  The  dependence  of  and  Tf^  on  the 
concentration  of  Co^  for  Ce(Fej  _;^Co;j’)2  is  presented.  For  Ce(Feo.gCoo,2)2>  the  FM  transition  is  at 
1(2=160  K,  and  the  AFM  transition  is  at  r;v=76  K.  The  entropy  change  associated  with  the  FM  to 
AFM  phase  transition  has  been  determined  from  magnetization  measurements  and  found  to  be 
primarily  associated  with  a  change  in  the  electronic  density  of  states  at  £p.  If  one  starts  with 
Ce(Feo.8Coo2)2  and  partially  substitutes  Ce  by  Y,  it  is  found  that  Tf/  gradually  decreases  with  Y 
concentration;  and  for  Y  concentration  greater  than  10%,  the  AFM  phase  disappears  and  FM  phase 
is  fully  restored.  The  dependence  of  and  Tfj  on  the  concentration  of  Y  Z  is  presented  for 
Cei_2Y2(Fe()8Coo.2)2-  1*  is  suggested  that  the  second  transition  (FM  to  AFM)  is  a  result  of  the 
competition  between  exchange  energy  and  magnetic  anisotropy  energy.  The  measurements  of 
magnetization,  ac  susceptibility,  resistivity,  and  thermal  expansitivity  are  presented. 


CeFe2  is  a  ferromagnet  that  exhibits  some  anomalous 
magnetic  properties  such  as  a  much  lower  Curie  temperature 
(1(2=227  K)  and  a  much  lower  magnetic  moment  per  Fe 
atom  (1.15 hb)  than  other  compounds  in  the  RFe2  series  (R 
denotes  rare  earth).*  A  number  of  investigations^*'*  suggests 
that  the  anomalous  magnetic  properties  of  CeFe2  may  be  due 
to  some  transfer  of  the  Ce  4/  electrons  to  the  Fe  3d  band. 
This  suggestion  is  supported  by  experimental  data  of  elec¬ 
tronic  specific  heat  coefficients,  which  are  53  mJ  K“^  mol"* 
for  CeFe2,^  and  21  mJ  K"^  mol"*  for  CeCo2.'^ 

The  ferromagnetic  state  of  CeFe2  is  inherently  unstable. 
A  small  partial  substitution  of  Fe  by  other  elements  such  as 
Co,  Al,  and  Ru  precipitates  the  instability  of  ferromagnetic 
state  and  a  ferromagnetic  (FM)  to  antiferromagnetic  (AFM) 
phase  transition  is  observed  at  the  temperature  T^,  lower 
than  1(2.’*^  This  second  phase  transition  is  a  first-order 
phase  transition  in  case  of  Ce(Fe|_^Co;i-)2.’  The  magnetic 
ordering  of  Ce(Fei  _^Co;t^)2  has  been  determined  by 
Kennedy  et  al}°  using  neutron  diffraction.  The  ac  suscepti¬ 
bility  results  by  Roy  and  Coles**  show  that  the  Tq  moves  up 
but  Tff  i$  suppressed  with  the  increase  in  Y  concentration  in 
Cei_zY2(Fei_;(Al;()2.  They  found  that  Tc  increased  to  235 
K  with  Z=0.1  and  went  up  further  to  252  K  for  Z =0.15  in 
the  case  of  Y=0.035.  The  low-temperature  transition  is  no 
longer  present  for  X  greater  than  0.15. 

According  to  the  x-ray-diffraction  studies  by  Nishihara, 
Tokumoto,  and  Yamaguchi,*^  there  is  a  small  volume  change 
of  0.05%  at  Tjv  for  the  Ce(Fei_;cAl^)2  system.  Kennedy 
era/.***  also  reported  a  0.05%  cell  volume  change  at  in 
the  Ce(Fe,_;cCo;c)2  system.  The  0.05%  volume  change  is  too 
small  to  apply  an  exchange-inversion  model  to  explain  the 
FM-AFM  transition  observed  here. 

In  this  article  we  present  the  effect  of  partial  substitution 
of  Fe  by  Co  and  Ce  by  Y  on  magnetic  properties  of  the 
CeFe2.  Two  magnetic  phase  diagrams  are  presented  for  the 
Ce(Fei_2'Co;i-)2  and  for  the  Cei_zY2(FeogCoo2)2-  The  en¬ 
tropy  change  at  the  FM-AFM  transition  is  determined  for 
Ce(Feo  gCoo  2)2  as  a  function  of  temperature.  Some  specific 


measurements  presented  here  include  magnetization,  ac  sus¬ 
ceptibility,  resistivity,  and  thermal  expansion  for  the 
Ce(Feo  8^00,2)2  • 

The  sample  preparation  and  experimental  details  are  de¬ 
scribed  in  Refs.  7  and  13. 

The  magnetization  M  and  ac  susceptibility  Xnn  as  a  func¬ 
tion  of  temperature  for  Ce(Feo.8Coo  2)2  are  presented  in  Figs. 
1(a)  and  1(b),  respectively.  It  is  evident  that  partial  substitu¬ 
tion  of  Fe  by  Co  causes  a  sharp  transition  from  FM  to  AFM. 
The  temperature  dependence  of  the  electrical  resistivity  [Fig. 
1(c)]  also  clearly  shows  this  magnetic  transition.  A  signifi¬ 
cant  slope  change  in  the  resistivity  at  162  K  is  identified  as 
being  due  to  a  paramagnetic  (PM)-FM  transition  which  oc¬ 
curs  at  160  K  in  the  magnetization  measurement.  The  abrupt 
rise  of  the  resistivity  at  75  K  corresponds  to  FM-AFM  tran- 


FIG.  1.  (a)  Magnetization  M  in  an  applied  magnetic  field  of  100  G,  (b)  ac 
susceptibility  Xk>  (c)  normalized  electric  resistivity,  p(T)lp{l0  K),  and  (d) 
relative  thermal  expansitivity  SLIL  as  a  function  of  temperature  T  for 
CetFeQjCooj)^.  The  insert  of  fd)  shows  the  slope  of  SL/L  around  160  K. 
The  arrows  indicate  the  and  . 
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FIG.  2.  (a)  The  Ty  (•),  (•),  and  He  (*)  ^  function  of  Co  concen¬ 

tration  X  in  Ce(Fe| .  vCo;f)2  and  (b)  the  (•),  Tc  (•),  and  He  (■)  as  a 
function  of  Y  concentration  Z  in  Ce|_2Yz{Feo8Coo2)2- 

sition.  The  result  of  thermal  expansitivity  for  Ce(Feo.gCoo.2)2 
is  presented  in  Fig.  1(d).  We  observe  a  slope  change  in  (AL/ 
L)  at  162  K  as  shown  in  the  insert  of  the  Fig.  1(d)  and  a 
step  change  in  AL//-  around  T=15  K.  This  result  shows 
conclusively  that  the  phase  transition  at  162  K  is  second 
order  and  the  FM-AFM  transition  at  75  K  is  first  order.  Simi¬ 
lar  results  are  obtained  for  other  samples. 

Figure  2(a)  shows  the  phase  diagram  for  the  system 
Ce(Fei_;j’Co;j-)2.  The  first  transition  temperature  Tc  de¬ 
creases  continuously  as  cobalt  concentration  increases  for 
A'«0.40.  Meanwhile,  the  second  transition  temperature 
increases  first  with  increas.ing  X  and  then  decreases  after  a 
maximum  at  15%  Co.  For  t.he  Co  concentration  higher  than 
30%,  no  second  transition  has  been  observed  down  to  the 
temperature  of  4.2  K.  Here  the  Tc  and  the  are  defined  as 
the  temperatures  at  which  the  magnetization  reaches  the  half¬ 
height  of  the  on-set  value. 

Figure  3(a)  shows  magnetiz.Uion  versus  temperature  for 
Cei_2Y2(Feo8Coo2)2  with  various  Z  values.  The  Tc  in¬ 
creases  while  Tff  decreases  with  ;he  Z.  For  Z  =0.1,  there  is 


FIG.  3.  (a)  Magnetization  M  vs  temperature  T  and  (b)  isothermal  (at  7"=  10 
K)  magnetization  Af  vs  applied  magnetic  field  H  for  Cei_2Y2(Fe(,8Coo2)2 
with  various  Z  values. 


FIG.  4.  Total  entropy  change  AS  as  a  function  of  temperature  T  for 
Cc(Feo8Coo2)2  at  the  AFM-FM  transition  temperature. 

no  FM-AFM  transition  down  to  5  K.  A  magnetic  phase  dia¬ 
gram  for  Ce,_2Y2(Feo.8Coo2)2  as  a  function  of  Y  concentra¬ 
tion  is  presented  in  Fig.  2(b).  It  is  quite  obvious  that  the 
partial  substitution  of  Ce  by  Y  in  Cei_2Y2(Feo.8Coo.2)2  re¬ 
duces  the  instability  of  the  FM  state;  and  for  10%  Y  substi¬ 
tution,  a  complete  restoration  of  the  FM  state  down  to  5  K  is 
achieved. 

The  results  of  isothermal  (at  7=  10  K)  magnetization  as 
a  function  of  applied  magnetic  field  for  various  Y  concentra¬ 
tions  is  presented  in  Fig.  3(b).  The  magnetization  increases 
very  sharply  at  a  critical  field  data  He  (for  Z =0,  0.03,  and 
0.06)  with  large  field  hysteresis.  This  sharp  rise  in  magneti¬ 
zation  at  a  critical  field  is  associated  with  a  field-induced 
AFM-FM  first-order  phase  transition.  We  notice  that  the 
critical  field  decreases  with  increasing  concentration  of  Y 
and  it  vanishes  for  10%  Y  concentration. 

The  field-induced  transition  is  also  observed  for  all 
samples  in  the  Ce(Fei  _;s^Co;y)2  system.  The  critical  field  He 
is  plotted  as  a  function  of  Co  concentration  X  in  Fig.  2(a)  and 
as  a  function  of  Y  concentration  Z  in  Fig.  2(b).  The  He  and 
Tfj  are  closely  associated  with  each  other.  In  the  system 
Ce(Fei_;j-Co;y)2,  the  He  and  Tf,  show  a  maximum  around 
the  same  J  value  of  0.15.  In  Cei_2Y2(Feo,8Coo,2)2.  both  He 
and  Tfj  decrease  monotonically  with  Y  concentration.  The 
field-induced  transition  and  the  magnetic  hysteresis  suggest 
the  presence  of  magnetic  anisotropy. Therefore,  it  is  likely 
that  magnetic  anisotropy  is  a  very  important  factor  in  the 
development  of  the  AFM  phase.  Furthermore,  we  would  like 
to  propose  that  the  competition  between  the  exchange  inter¬ 
action  energy  and  the  temperature-dependent  magnetic  an¬ 
isotropy  energy  is  responsible  for  the  FM-AFM  transition  in 
the  itinerant  system  Ce(Fei_^Co^)2. 

In  an  itinerant  electron  system  the  exchange  interaction 
energy  is  directly  related  with  the  electronic  density  of  states 
at  the  Fermi  level.'  We  now  present  the  result  of  entropy 
change  across  the  FM-AFM  transition,  which  we  hope  will 
provide  us  with  some  information  on  the  electronic  band 
structure  in  Ce(Fe,_;j-Co;f)2. 

Figure  4  presents  the  change  in  entropy  as  a  function  of 
temperature  for  Ce(Feo  sCoq  2)2  calculated  using  the  thermo¬ 
dynamic  relationship  ASy-  =  -  ^M{dHldT)T^  -  ASt- is  total 
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entropy  change  which  consist, s  of  the  lattice  entropy  change 
and  electronic  entropy  change  across  the  transition;  AM  is 
the  magnetization  change  between  the  AFM  state  and  the  FM 
state  at  T/^;  and  {dH/dT)f^  h  the  derivative  of  the  field 
dependence  curve  of  the  transition  temperature  T which  can 
be  calculated  based  on  experimental  data.^^ 

The  linearity  of  the  entropy  change  with  Tff  suggests 
that  it  is  the  electronic  entropy  change  that  is  primarily  in¬ 
volved  in  the  FM-AFM  transition  in  our  system  because  the 
electronic  entropy  can  be  written' as  SE=S(CIT)dT=yT, 
where  C=yT  is  used  and  y  is  the  electronic  specific-heat 
coefficient.  Since  y  is  proportional  to  the  density  of  the  elec¬ 
tronic  states  at  the  Fermi  surface,  is  strongly  infiuenced 
by  the  electronic  band  structure.  At  t|ie  FM-AFM  transition, 
the  electronic  entropy  change  would  be 
^5£=('yFM“)'AFM)7’N.  where  and  -Xapm  are  the  elec¬ 
tronic  specific-heat  coefficients  for  FM  and  AFM  states,  re¬ 
spectively.  The  slope  obtained  frqm  Fig.  4  is  10 
mJ  K”^  mol”'.  The  value  of  'yiFM“')'AFM  Wada,  Nishigori, 
and  Shiga'^  is  13  mJ  K”^  mol”'.  The  twi)  values  are  in  good 
agreement.  The  above  results  indicate  that  the  main  contri¬ 
bution  to  the  total  entropy  change  at  the  FM-AFM  transition 
for  this  system  is  due  to  the  electronic  enlfopy  change.  The 
positive  value  of  ASg  means  that  the  electronic  density  of 
states  at  the  Fermi  level  in  the  FM  state  is  higher  than  that  in 
the  AFM  state. 

The  FM  state  in  CeFe2  is  inherently  unsiable.  This  has 
been  recently  suggested  by  the  neutron-diffraction  studies  by 
Kennedy  and  Coles'^  and  Yang  etal}^  They  observed  an 
antiferromagnetic  component  developing  below  K  in 
CeFe2.  Wada  and  co-workers'^  measured  the  Co  concentra¬ 
tion  dependence  of  the  electronic  specific-heat  cclefficient  y 
for  Ce(Fei__YCo^)2.  They  found  that  the  y  value  has  a  mini¬ 
mum  around  Y=0.16.  Thus,  we  may  conclude  that  Co  sub¬ 
stitution  for  Fe  in  Ce(Fei  -;^Co;^)  has  two  effects:  One  is  to 
modify  the  exchange  interaction  energy  via  altering  the  elec¬ 
tronic  density  of  states  at  the  Fermi  level;  and  the  other  is  to 
modify  the  magnetic  anisotropy  energy.  Generally  from  our 
data,  the  former  is  suppressed  and  the  latter  is  enhanced  by 
the  Co  substitution.  Both  effects  enhance  the  instability  of 
the  FM  state  and,  thus,  the  FM-AFM  transition  is  likely  to 
occur. 

Up  to  now  no  experimental  y  data  for  Ce,  _2Y2Fe2  have 
been  reported.  Khowash'*  calculated  the  electronic  band 


structure  for  CeFe2.  His  results  show  that  Y  substitution  for 
Ce  in  CeFe2  may  increase  the  electronic  density  of  states  at 
the  Fermi  level  if  we  assume  the  rigid-band  model  is  appli¬ 
cable  to  Cei_2Y2Fe2.  On  the  other  hand,  our  experimental 
results  show  that  Y  substitution  for  Ce  suppresses  the  mag¬ 
netic  anisotropy.  In  contrast  to  the  effects  of  the  Co  substi¬ 
tution  for  Fe,  the  Y  substitution  for  Ce  intensifies  the  stability 
of  the  FM  state  and,  thus,  prevents  the  FM-AFM  transition. 

In  summary,  the  electronic  band  structure  is  modified  at 
the  FM-AFM  transition  in  the  Ce(Fei  -;fCo;f)2  system.  The 
FM  phase  has  a  higher  electronic  density  of  states  at  the 
Fermi  level  than  the  AFM  phase.  Co  substitution  for  Fe  in 
the  Ce(Fei_2-Co;r)2  system  intensifies  the  instability  of  FM 
phase.  The  Y  substitution  for  Ce  in  the  Cei_2Y2(Feo.8Coo.2)2 
suppresses  the  magnetic  anisotropy  and  gradually  restores 
the  stability  of  the  FM  phase.  Finally,  for  10%  Y  substitution 
for  Ce,  the  stability  of  the  FM  phase  is  totally  restored  down 
to  a  temperature  of  5  K.  The  competition  between  exchange 
interaction  and  the  magnetic  entropy  is  a  possible  mecha¬ 
nism  for  the  FM-AFM  transition  observed  in  CeFe2  and  re¬ 
lated  pseudobinary  compounds. 
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Preparation  and  magnetic  properties  of  BaM  films  with  excellent 
crystallinity  by  Xe  sputtering 

N.  Matsushita,  K.  Noma,  S.  Nakagawa,  and  M.  Naoe 

Department  of  Physical  Electronics,  Tokyo  Institute  of  Technology,  2-12-1  0-okayama,  Meguro-ku,  Tokyo 
152,  Japan 

M-type  barium  ferrite  (BaFei20j9)  films  were  deposited  on  a  ZnO  underlayer  by  sputtering  with 
mixture  of  Ar,  Xe,  and  O2  gases.  Pq^  and  Pai+xc  were  set  at  0.01  and  0.09  Pa,  respectively,  where 
Pxe  was  changed  from  0.00  to  0.09  Pa.  The  dependencies  of  surface  morphology,  (D),  M^, 

and  and  Hc\\  on  Pxe  were  investigated.  Both  BaM  layers  deposited  at  and  Pat  of  0.09  Pa 
possessed  smooth  surface  and  exhibited  AO^o,  ,  and  of  about  4°,  300  emu/cm^,  2.0  and 

O. 3  kOe,  respectively.  The  BaM  layer  deposited  at  P^^  of  0.04  Pa  possessed  a  rough  surface  and 
exhibited  Ad^^  and  H^w  as  large  as  about  9“  and  0.6  kOe,  respectively,  and  Mj  as  small  as  about  200 
emu/cm^. 


I.  INTRODUCTION 

A  magnetoplumbite  type  of  Ba  ferrite  (BaM:BaFej20i9) 
has  been  intensively  investigated  due  to  its  various  attractive 
and  useful  properties  for  magnetic  recording  media  and  mi¬ 
crowave  filters,  and  so  on.*"’  In  BaM  ferrite,  Ba  ions  occupy 
the  same  sites  as  oxygen  ones  in  the  R  block  where  larger 
Ba’"^  ions  with  a  radius  of  1.43  A  (see  Fig.  2)  should  replace 
smaller  O’"  ones  with  that  of  1.32  A.  Therefore,  it  seems 
effective  for  the  deposition  of  BaM  ferrite  films  with  good 
crystallinity  that  the  Ba  adatoms  have  a  high  kinetic  energy 
for  a  sufficiently  long  walk  on  the  substrate  surface.  How¬ 
ever,  since  the  atomic  weight  of  Ba  (137.3)  is  much  heavier 
than  that  of  Ar  (40.0)  as  seen  in  Fig.  1,  it  is  considered  that 
Ba  atoms  ought  to  arrive  at  the  substrate  with  a  relatively 
low  kinetic  energy.  Moreover,  the  Ar  atoms  recoiled  by 
heavier  Ba  ions  in  targets  might  bombard  the  growing  film 
with  high  kinetic  energy  during  deposition  and  some  of  them 
not  only  may  be  incorporated  into  films  as  impurities,  but 
also  easily  destroy  the  regularly  packed  lattice  composed  of 
lighter  oxygen  ions  with  a  mass  of  16.0.  On  the  other  hand, 
the  atomic  weight  of  Xe  (131.3)  is  much  heavier  than  that  of 
O  (16.0)  and  Fe  (55.8),  but  is  not  so  different  from  that  of 
Ba.  Therefore,  Ba  atoms  as  well  as  0  and  Fe  ones  seem  to 
arrive  at  the  substrate  with  relatively  high  kinetic  energy  for 
a  sufficiently  long  walk  and  the  number  of  the  recoiled  par¬ 
ticles  seems  to  decrease  when  Xe  is  used  as  the  sputtering 
gas.  It  has  also  been  found  that  ZnO  underlayers  are  useful 
for  the  epitaxial  growth  of  BaM  layers  as  well  as  spinel 
ferrite  layers.’’®  Therefore,  BaM  layers  were  deposited  on  the 
ZnO  underlayer  in  mixture  of  Ar,  Xe,  and  O2  gases  by  using 
the  facing  target  sputtering  (FTS)  apparatus;  then,  the  crys¬ 
tallographic  and  magnetic  characteristics  of  the  specimen 
films  on  the  partial  Xe  pressure  Pxe  were  investigated. 

II.  EXPERIMENTS 
A.  FTS  apparatus 

Figure  2  shows  the  schematic  representation  of  the  FTS 
apparatus  for  multilayers  used  in  this  study.  The  dc  glow 
discharge  is  performed  using  the  facing  targets  as  cathodes 
and  the  grounded  chamber  wall  and  shield  rings  as  anodes. 
The  magnetic  field  for  confining  the  plasma  was  about  140 


Oe  at  the  point  of  the  center  line  between  targets.  Since  the 
substrate  is  placed  outside  of  the  confined  plasma,  the  depos¬ 
ited  films  can  avoid  the  bombardment  of  high-energy  par¬ 
ticles  such  as  y  electrons  and  negative  ions.®  Moreover,  since 
the  highly  ionized  plasma  is  confined  in  a  narrow  space  be¬ 
tween  targets,  it  can  be  maintained  even  at  a  very  low  work¬ 
ing  gas  pressure  below  0.1  Pa,  the  value  of  which  is  too  low 
for  a  conventional  sputtering  system  to  generate  the  stable 
glow  discharge. 

B.  Preparation  of  specimen  films 

Prior  to  the  deposition  of  the  BaM  ferrite  layer,  the  ZnO 
underlayer  was  deposited  on  a  SiO;f/Si  substrate.  It  is  known 
that  ZnO  is  composed  of  a  densely  packed  structure  of  oxy¬ 
gen  and  since  the  distance  between  oxygen  atoms  in  the 
densely  packed  plane  of  ZnO  (3.24  A)  is  not  so  different 
from  that  of  CoFe204  with  (111)  orientation  (2.96  A)  and 
BaM  ferrite  with  c-axis  orientation  (2.95  A),  the  ZnO  under¬ 
layer  is  useful  for  the  epitaxial  growth  of  these  ferrite 
layers.’’’  The  preparation  conditions  are  listed  in  the  right- 
hand-side  column  of  Table  I.  The  thickness  of  the  ZnO  layer 
was  about  4500  A  for  the  deposition  of  1  h.  The  crystallite 
size  (D)  and  the  dispersion  degree  of  c-axis  orientation  A^5o 
of  the  ZnO  underlayer  were  about  500  A  and  smaller  than  4°, 
respectively. 

The  preparation  conditions  for  BaM  ferrite  layers  are 
listed  in  the  left-hand-side  column  of  Table  I.  The  disk  plates 
85  mm  in  diameter  used  as  targets  were  sintered  from  the 
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FIG.  2.  Schematic  representation  of  FTS  apparatus  for  multilayers. 

mixture  of  BaO  and  5.5(Fe203)  powders  at  1350  °C  in  the  air 
by  a  conventional  dry  method.  The  discharge  current  was  set 
at  0.1  A  and  then  the  discharge  voltage  increased  from  472  to 
660  V  with  increase  of  Pxe  ffom  0.00  to  0.09  Pa. 


FIG.  3.  SEM  photographs  for  surfaces  of  BaM  layers  deposited  at  P^c  of  (a) 
0.00,  (b)  0.01,  (c)  0.04,  and  (d)  0.09  Pa. 

tained  even  when  Pxc  was  only  0.01  Pa  as  seen  in  (b).  The 
layer  deposited  at  Pxc  of  0.04  Pa  revealed  a  very  rough  and 
nonuniform  morphology  as  seen  in  (c).  On  the  contrary,  the 
layer  at  of  0.09  Pa  revealed  a  very  smooth  and  flat 
morphology  as  seen  in  (d).  These  differences  of  surface  mor¬ 
phologies  between  (a)  and  (c),  or  (d)  and  (c),  seemed  to  have 
close  relationships  to  the  difference  of  the  kinetic  energy  of 
deposited  particles.  These  differences  of  energy  of  deposited 
particles  cause  the  change  of  crystallographic  and  magnetic 
characteristics  as  seen  in  Secs.  Ill  B  and  III  C. 


III.  RESULTS  AND  DISCUSSION 
A.  Composition  and  microstructure 

The  Ba  and  Fe  content  and  Cpe  was  measured  by 
using  inductively  coupled  plasma  spectrometry  (ICPS).  Cb^ 
normalized  for  Cpe  of  12  was  about  0.9  at  various  Pxe  the 
range  between  0.00  and  0.09  Pa. 

Figure  3  shows  the  scanning  electron  microscopy  (SEM) 
photographs  of  the  surface  appearance  of  BaM  layers  depos¬ 
ited  on  a  ZnO  underlayer  at  Pxe  of  (a)  0.00,  (b)  0.01,  (c) 
0.04,  and  (d)  0.09  Pa.  As  seen  in  (a),  the  layer  at  Pxc  of  0.00 
Pa  revealed  an  almost  smooth,  dense,  and  uniform  morphol¬ 
ogy,  although  very  fine  grains  were  slightly  visible  on  the 
film  surface;  however,  the  surface  smoothness  was  not  ob- 


TABLE  I.  Preparation  conditions. 


BaM  layer 

ZnO  underlayer 

Target  composition 

Ban,FciioO|9o-, 

Zn 

Substrate 

Substrate 

ZnO/SiO,/Si 

SiO^/Si 

temperature  T, 

600  °C 

300  ’C 

Residual 

pressure 

8.0X10' 

’  Pa 

Total  gas 

pressure  Pai>xc+Oj 

0.10  Pa 

0.26  Pa 

Ar  gas 
pressure 

0.09-0.00  Pa 

0.13  Pa 

Xe  gas 
pressure  Fxt 

0.00-009  Pa 

O2  gas 
pressure  Pq^ 

0,01  Pa 

0.13  Pa 

B.  Crystallinity 

Figure  4  snows  the  Pxc  dependencies  of  (D)  and  of 
the  BaM  layer.  (D)  slightly  decreased  and  A05o  was  as  small 
as  3.7®  at  Pxe  of  0.09  Pa  and  took  a  maximum  value  of  8.7® 
at  Pxc  of  0.04  Pa. 

The  Px,  dependencies  of  A^sq  seemed  to  have  a  rela¬ 
tionship  remarkably  close  to  the  sputtering  phenomena  at  the 
target  and  the  collision  times  of  sputtered  particles  to  work¬ 
ing  gas  atoms  during  the  flight  from  target  to  substrate.  The 
mean  free  path  of  sputtered  particles  in  the  working  gas  at 
the  pressure  of  0.1  Pa  is  about  50  and  100  mm  for  Ba  and  Fe 
atoms  with  radius  of  2.22  and  1.26  A,  respectively,  as  shown 
in  Fig.  1.  The  distances  a,  h,  and  c,  which  correspond  to  the 
shortest,  mean,  and  the  longest  distance  from  target  to  sub¬ 
strate  center,  were  65.6,  90.1,  and  123.1  mm,  respectively,  as 
seen  in  Fig.  2.  Therefore,  the  sputtered  particles  seem  to 
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FIG.  4.  Dependencies  of  crystallite  size  (D)  and  dispersion  degree  of  c-axis 
orientation  on  Xe  pressure  Fxc  • 
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FIG.  5.  Depcnder.cies  of  saturation  magnetization  Af  j  on  Xe  pressure  P^c  ■ 


arrive  at  the  substrate  after  a  few  collisions  with  atoms  of  the 
working  gas.  The  Fe,  0,  and  even  Ba  atoms  sputtered  by  Xe 
ions  can  arrive  at  the  substrate  with  relatively  high  kinetic 
energy,  enough  to  form  BaM  ferrite  crystallites  with  good 
c-axis  orientation.  Therefore,  the  values  of  A^jo  fof 
BaM  layers  deposited  at  Pat+Oj  Pxc+Oj  of  O-f  P®  were 
smaller  and  almost  the  same. 

Al  Pxc  of  0.04  Pa,  the  sputtering  phenomena  and  the 
collision  of  sputtered  particles  with  the  working  gas  seemed 
to  be  more  complicated.  There  may  be  apparent  differences 
in  kinetic  energies  among  deposited  particles.  Although  the 
atoms  sputtered  by  heavier  Xe  ions  and  collided  with  Ar  or 
Xe  atoms  seem  likely  to  possess  relatively  high  energy  and 
make  a  long  walk  on  the  substrate,  the  atoms  sputtered  by 
lighter  Ar  ions  and  collide  i  with  heavier  Xe  atoms  seem 
likely  to  possess  insufficient  energy  for  a  random  walk  on  the 
substrate.  Therefore,  A0jo  of  the  BaM  layer  deposited  in 
mixed  gases  at  Pxc  of  0.04  Pa  might  take  a  larger  value  than 
those  at  Pxe  of  0.00  and  0.09  Pa.  It  also  seems  that  this 
nonuniformity  of  kinetic  energy  of  deposited  particles  causes 
a  very  rough  and  nonuniform  surface  morphology  for  the 
films  deposited  in  a  mixture  gases  as  seen  in  Figs.  3(c)  and 
3(d). 

C.  Magnetic  characteristics 

Figure  5  shows  the  Pxe  dependencies  of  the  saturation 
magnetization  M,  of  the  BaM  layer.  A/j  of  the  BaM  layer 
deposited  at  Pxc  of  0.00  Pa  took  the  maximum  value  of  350 
emu/cm^  and  was  not  so  different  from  the  bulk  A/j  of  380 
emu/cm^.  Ms  decreased  with  increase  of  Pxe  “P  lo  0.04  Pa 
and  took  the  minimum  value  of  196  emu/cm^  at  Pxe  of  0.04 
Pa,  of  which  the  value  was  as  relatively  large  as  293 
emu/cm^  at  Pxe  of  0.09  Pa.  These  dependencies  seemed  to 
have  a  relationship  distinctly  close  to  the  layer  morphology 
and  of  films  as  seen  in  Figs.  3  and  4. 

Figure  6  shows  the  Pxe  dependencies  of  the  perpendicu¬ 
lar  and  in-plane  coercivities  and  Hf.\\ ,  respectively.  Al¬ 


FIG.  6.  Dependencies  of  perpendicular  and  in-plane  coercivities  and 
Hci  on  Xe  gas  pressure  i^xe  ■ 

though  Hex  was  almost  constant  at  about  2.0  kOe,  Hc\\  took 
the  maximum  value  of  0.6  kOe  at  Pxe  of  0.04  Pa.  Since  H^w 
corresponds  apparently  to  such  a  large  Hc\\  at  Pxe  of 
0.04  Pa  was  attributed  to  the  degradation  of  crystallinity  im¬ 
plied  by  larger  A^so  at  P^e  of  0.04  Pa  as  seen  in  Fig.  4. 

IV.  CONCLUSION 

BaM  ferrite  layers  were  deposited  on  a  ZnO  underlayer 
at  Ts  of  600  “C  at  PA,+xe  of  0.09  Pa  and  O2  at  Pq^  of  0.01 
Pa.  The  obtained  results  are  as  follows. 

(i)  BaM  layers  deposited  at  Pxc  of  0.09  Pa  revealed  a 
smooth  surface  appearance  and  excellent  crystallinity  with 
A^50  of  4®.  In  addition,  they  exhibited  good  magnetic  char¬ 
acteristics  such  as  A/j  and  and  Hc\\  of  about  293 
emu/cm^  and  2.0  and  0.3  kOe,  respectively. 

(ii)  BaM  layers  deposited  in  the  mixed  gas  at  ^xe> 
and  Poj  of  0.05,  0.04,  and  0.01  Pa,  respectively,  had  rough 
surface  texture  and  worse  crystallinity  with  AB^g  of  S.7°. 
They  exhibited  smaller  Ms  and  higher  of  196  emu/cm^ 
and  0.6  kOe,  respectively. 

It  seems  to  be  possible  to  deposit  the  BaM  layer  with 
good  crystallinity  and  magnetic  characteristics  on  a  ZiiO  un¬ 
derlayer  using  a  mixture  of  O2  and  Xe  instead  of  Ar  as  the 
sputtering  gas. 
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Magnetic  ordering  in  UCoNiSia  and  UCoCuSi2  studied  by  ac-susceptibiiity 
and  neutron-diffraction  measurements 
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Polycrystalline  samples  of  intermediate  solid  solutions  of  the  UM2Si2  compounds  (M=Co,Ni,Cu), 
namely  UCoNiSi2  and  UCoCuSi2,  were  prepared  and  were  found  to  have  body-centered  tetragonal 
ThCr2Si2-type  crystallographic  structure.  In  UCoNiSi2  ac  susceptibility  indicates  a  single 
antifenomagnetic  (AF)  transition  at  rjv=115±5  K,  confirmed  by  neutron-diffraction  observation  of 
the  AF-/  structure  down  to  10  K  (with  uranium  moments  of  1.6±0.2/ig ,  along  the  tetragonal  c 
axis).  In  UCoCuSi2  ac  susceptibility  indicates  ferromagnetic  transition  at  rc=107±5  K,  and 
implies  an  AF  transition  at  lower  temperature,  confirmed  by  the  AF-/  structure,  observed  in  neutron 
diffiaction  below  To=95±5  K  down  to  10  K  (with  uranium  moments  of  1.6±0.1/u.b,  along  the  c 
axis).  The  magnetic  properties  are  discussed  in  comparison  with  UM2X2  and  U(M,M')2X2  materials 
(X=Si,Ge). 


I.  INTRODUCTION 

The  UM2Si2  compounds  (M=Co,Ni,Cu)  were  studied 
previously’’^  and  found  to  have  ThCr2Si2-type  crystallo¬ 
graphic  structure.  UCo2Si2  orders  antiferromagnetically  be¬ 
low  85  K  into  the  AF-/  structure  (+-  +  -)  with  a  wave 
vector  k=(0,0,l).’  UNi2Si2  orders  below  124  K  into  an  in¬ 
commensurate  phase,^  acquires  AF-/  structure  below  103  K 
(Refs.  1  and  2)  and  ferrimagnetic  (+  +  -)  structure  with  a 
wave  vector  l:=(0,0,2/3)  below  53  K.’’^  UCu2Si2  orders  fer- 
romagneticall)  below  103  K.’  The  ordered  moments  are 
along  the  tetragonal  axis,  and  are  found  only  on  uranium.’’^ 

Studying  the  U(M,M')2Si2  systems,  we  started  with  in¬ 
termediate  solid  solutions  UMM'Si2.  In  UNiCuSi2  ac  sus¬ 
ceptibility  indicated^"^  antiferromagnetic  (AF)  transition  at 
r;y,=150±5  and  155  ±5  K,  in  two  separately  prepared 
samples,  with  four  (or  three)  transitions  below  Ts  with  ferro/ 
ferrimagnetic  F  character.  Neutron  diffraction  on  both  mate¬ 
rials  showed^'*  that  apart  from  the  AF  transitions  at 
(150±1  and  152±2  K,  respectively)  to  the  AF-/  structure 
(+  -  -t-  -),  in  accordance  with  the  ac  susceptibility,  none  of 
the  F  transitions  was  observed.  The  AF-/  structure  persists 
down  to  1.7(1.5)  K.  Short-range  magnetic  order  involving 
several  consecutive  ferromagnetic  planes  in  the  AF-/  phase 
detected  by  ac  susceptibility,  and  not  by  neutron  diffraction, 
is  proposed  to  explain  the  differences  between  these  mea¬ 
surements.  Following  our  studies  of  l)NiCuSi2,  we  have  pre¬ 
pared  polycrystalline  samples  of  the  other  two  intermediate 
solid  solutions  of  the  UM2Si2  compounds,  namely  UCoNiSi2 
and  UCoCuSi2,  and  present  here  their  magnetic  properties, 
measured  by  ac  susceptibility  and  neutron  diffraction. 

II.  EXPERIMENTAL  DETAILS 

Polycrystalline  samples  of  the  solid  solutions  UCoNiSi2 
and  UCoCuSi2  were  prepared  by  arc  melting  stoichiometric 
amounts  of  the  constituents  in  an  argon  atmosphere.  The  ob¬ 
tained  buttons  were  annealed  at  750  °C  in  vacuum  for  120  h, 
and  were  subsequently  crushed  into  fine  powders  and  exam¬ 
ined  by  x-ray  diffraction  at  room  temperature  (RT=295  K) 
to  determine  their  quality,  as  well  as  their  crystallographic 
properties. 


ac-susceptibility  measurements  on  polycrystalline 
samples  were  done  on  UCoNiSi2  (456  mg)  down  to  80  K 
(Ref.  3)  and  later  down  to  20  K,  and  on  UCoCuSi2  (348  mg) 
down  to  80  K.  The  ac  magnetic  field  was  rather  weak  (<10 
Oe).  Calibration  of  the  ac-susceptibility  values  was  done  for 
UCoNiSi2  with  a  polycrystalline  sample  of  Gd203  (300  mg), 
for  which  the  Xm  value  at  293  K  is  51x10“^  emu/mol  (with 
tf=-15  K  and  /ijff=7.9/ia),  and  for  UCoCuSi2  with  a  poly¬ 
crystalline  sample  of  H02O3  (20  mg),  for  which  the  xm  value 
at  293  K  is  89X10’^  emu/mol  (with  0=-14  K  and 
/i(ff=10.5/tB).  These  measurements  determined  the  tempera¬ 
tures  and  types  of  magnetic  transitions  in  near-zero  magnetic 
fields,  as  well  as  the  paramagnetic  properties  of  these  mate¬ 
rials. 

Neutron-diffraction  measurements  on  20  g  polycrystal¬ 
line  samples  (in  cylindrical  aluminium  containers)  were  done 
in  the  IRR-2  reactor,  with  the  diffractometers  KANDI-II  (at 
\=2.453  A)  for  UCoNiSi2  and  KANDI-III  (at  \=2.40  A)  for 
UCoCuSi2.  A  DISPLEX  (closed-cycle  helium  cooler  made 
by  Air  Products,  Inc.)  was  used  for  measurei.  '“nts  at  low 
temperatures  (LT),  down  to  10  K,  and  the  temperature  was 
measured  with  Au(Fe)/Chromel  thermocouple.  These  mea¬ 
surements  determined  the  RT  and  LT  crystallographic  struc¬ 
ture  and  LT  magnetic  structure  of  both  materials. 

III.  RESULTS 

At  RT  only  {hkl)  reflectioi.o  ./ith  /i  +  ^+/=even  are 
observed  by  x-ray  and  neutron  diffraction  from  both 
UCoNiSi2  and  UCoCuSi2.  These  are  consistent  with  the 
body-centered  tetragonal  ThCr2Si2-type  crystallographic 
structure  (space  group  lAlmmm).  The  RT  structure  param¬ 
eters  are  obtained  from  least-squares  fits  of  the  observed  in¬ 
tegrated  and  calculated  neutron-diffraction  intensities,  as¬ 
suming  random  occupation  of  the  (M,M')  site,  Melding 
residuals  R=A2%  and  3.7%,  respectively.  The  RT  lattice 
parameters  (a,c)  and  derived  tetragonal  cell  volume  V,  and 
the  RT  fitted  position  parameter  (2)  of  the  silicon  atom,  of 
UCoNiSi2  and  UCoCuSi2,  are  given  in  Table  I.  The  param¬ 
eters  are  compared  in  Table  I  with  the  averages  of  previously 
published  values  of  the  same  parameters  in  the  UM2Si2 
compounds’’'*  and  in  UNiCuSi2.^'^ 
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TABLE  1.  RT  lattice  parameters  and  tetragonal  cell  volume  in  the  UM2Si2  compounds  (averages  of  reported 
values)  and  the  UMM'Si2  solid  solutions  (errors:  in  a=±0.010  A,  in  c=±0.02  A,  in  z=±0.002). 


Material 

a 

(A) 

c 

(A) 

V 

(A^) 

z  (Si) 

Ref. 

UCo2Si2 

3.917 

9.614 

147.50 

0.3715 

1 

UCoNiSi2 

3.926 

9.55 

147.20 

0.375 

presen' 

UNi2Si2 

3.962 

9.512 

149.31 

0.3715 

1.4 

UNiCuSij 

3.977 

9.70 

153.42 

C.378 

4 

tJCU2Si2 

3.984 

9.946 

157.87 

0.3842 

1,4 

UCoCuSi2 

3.967 

9.755 

153.51 

0.382 

present 

UCo2Si2 

3.917 

9.614 

147.50 

0.3715 

1 

The  temperature  dependence  of  the  molar  ac  susceptibil¬ 
ity  of  UCoNiSi2,  in  the  temperature  range  20-295  K,  is 
shown  in  Fig.  1.  A  single  transition  to  an  antiferromagnetic 
state  is  observed  at  T/;=U5^.5  K,  with  a  rather  low 
;^'^=(6±1)X10~^  emu/mol  at  the  transition.  The  tempera¬ 
ture  dependence  of  the  molar  ac  susceptibility  of  UCoCuSi2 
in  the  temperature  range  80-295  K,  is  shown  in  Fig.  2.  A 
father  strong  susceptibility  peak,  corresponding  to  a  ferro¬ 
magnetic  ordering,  is  observed  at  7’c=l07±5  K,  with  a  high 
;('jv^=(165±5)Xl0“^  emu/mol  at  the  transition.  The  sharp  de¬ 
crease  of  the  ac-susceptibility  curve  at  its  low-temperature 
side,  uncommon  to  a  fenomagnetic  phase,  suggests  a  second 
transition,  to  an  AF  phase. 

Inverse  molar  susceptibility  curves  of  UCoNiSi2  and 
UCoCuSi2  in  their  paramagnetic  states  are  deduced  from 
Figs.  1  and  2,  respectively.  The  paramagnetic  Curie  tempera¬ 
ture  6  is  obtained  from  the  intersection  of  the  linear  part  of 
such  a  curve  (above  200  K)  with  the  temperature  axis. 

(in  I,  is  obtained  via  the  relation 
(f-9),  where  Xm  given  in  emu/mol 
^and  (T-ff)  is  given  in  K.  The  values  for  0and  fi^ff  are  listed 
in  Table  H,  where  they  are  compared  with  the  respective 
values  of  UNiCuSi2  (Refs.  3-5). 

The  LT  neutron  diffractograms  of  UCoNiSi2  and 
UCoCuSi;  (at  19  K)  show  additional  reflections  for  which 
/j  +  k  +  /=odd  (such  as  {010},{012},{111}),  indicating  AF  or¬ 
dering  of  at  least  tne  uranium  sublattice,  with  a  wave  vector 
k=(0,0,l)  and  alternate  stacking  (+  -)  of  ferromagnetic  lay¬ 
ers  along  the  tetragonal  axis  (AF-/).  The  absence  of  {00/} 
reflections  with  odd  /  points  out  to  ordered  magnetic  mo¬ 


FiG.  1  Ftmpftature  liep.ndencc  of  ihc  molar  ac  subceptibilit>  iv  ..  j-x-lv 
cij-'Calline  saniple  of  UroNiSi2  mdicatmg  anlifcrron.agnetic  ordering  below 
«',  =  115±5  K.  The  inverse  molar  sui.eptibility  above  200  K  leads  to  6- 
- 175±50  K  and  StO.ius 


ments  along  the  tetragonal  axis.  The  LT  diffractograms  are 
similar  to  those  shown  for  UCo2Ge2  (Ref.  6)  and 
UNiCuSi2.''’^ 

The  LT  lattice  parameters  of  UCoNiSi2  and  UCoCuSi2 
are  obtained  from  least-squares  fits  of  observed  integrated 
and  ca'culated  intensities,  with  residuals  R  =4.9%  and  3.7%, 
respectively.  The  LT  fitted  parameters  (a,c,z)  fall  within  the 
experimental  error  range  of  the  RT  values.  The  integrated 
intensities  of  the  reflections  with  h  +  k  +  l=odd  are  in  agree¬ 
ment  with  ordering  of  the  uranium  sublattice,  with  fitted  (by 
the  procedure  of  Ref.  6)  ordered  magnetic  moments  of 
1.6±0.2aib  (Table  II). 

Temperature  variation  of  the  integrated  intensity  of  the 
magnetic  {010}  reflection  (Fig.  3)  indicates  that  the  AF-/ 
structure  exists  in  UCoNiSi2  up  to  Tf/=U5±5  K  [Fig.  3(a)], 
in  accordance  with  the  transition  observed  in  the  ac  suscep¬ 
tibility  (Fig.  1).  In  UCoCuSiv  the  AF-/  structure  persists  up 
to  To=95±5  K  [Fig.  3(b)],  while  the  ac-susceptibility  curve 
(Fig.  2)  points  out  a  ferromagnetic  transition  at  rc=107±5 
K.  However,  the  rioor  statistical  quality  of  the  data  in  Fig. 
3(b)  does  not  allow  us  to  confirm  that  Tc  is  indeed  above  Tq, 
as  expected.  Moreover,  due  to  the  small  ordered  magnetic 
moment  close  to  Tc,  our  neutron  diffraction  measurements 
in  the  Tq  temperature  range  are  unable  to  detect  the 
ferromagnetism. 

IV.  DISCUSSION 

The  measured  lattice  parameters  in  UCoNiSii  and 
UCoCuSii  fall  between  the  respective  parameters  of  the  end 


FIG.  2.  Temperature  dependence  of  the  molar  ac  susceptibility  in  a  poly- 
crystalline  sample  of  UCoCuSi^  indicating  initial  ferromagnetic  ordering 
below  rt  =  107±S  K,  followed  by  a  transition  to  an  antiferromagnetic 
phase.  The  inverse  molar  susceptibility  above  200  K  leads  to  0=  -i-40±  10  K 
and  /i5f|=2.8±0.2/rg 


TABLE  II.  Paramagnetic  values  (/Xju  and  6),  ordering  (Tf,  or  Tc)  and  tiansition  (Tq)  temperatures,  magnetic 
structures,  and  uranium  ordered  magnetic  moments  m  in  the  UMM'Si2  solid  solutions. 


Material 

Melt 

(Mb) 

e 

(K) 

Tn(Tc) 

(K) 

Order 

below 

TsiTc) 

To 

(K) 

Order 

below 

To 

m  (10  K) 
(m-s) 

UCoNiSij 

3.5  ±0.3* 

-175±50* 

115±  5* 

AF-1 

... 

1.6+0.2 

UNiCuSij 

2.4+0.1* 

•f80±  5* 

150+1*'’ 

AF-l" 

... 

2.2±0.2'’ 

UCoCuSi2 

2.8±0.2 

+40±  10 

107±  5 

ferro 

95  ±  5 

AF-I 

1.610.1 

**  Reference  3.  Reference  4. 


compounds  UM2Si2  (Table  I),  in  agreement  with  the  Vegard 
(Zen)  law.  In  the  case  of  UCoNiSi2  a  and  c  have  different 
trends,  while  in  the  case  of  UCoCuSi2  both  a  and  c  have 
similar  trends,  with  respect  to  the  end  compounds. 

The  effective  paramagnetic  moments  in  UCoNiSi2 
and  UCoCuSi2  are  higher  than  the  moment  in  UNiCuSi2 
(Table  II),  but  all  are  still  within  a  reasonable  5 /  configura¬ 
tion.  This  is  the  case  also  for  UNi2Si2  and  UCu2Si2.‘  The 
values  (=s3.5/[rfl)  of  all  these  materials  seem  to  be  correlated 
with  the  occurrence  of  localized  magnetic  moments  on  ura¬ 
nium  atoms  only.  As  an  exception,  a  high  effective  paramag¬ 
netic  moment,  4.85/Lifl,  is  reported  for  UCo2Si2,*  implying  a 
certain  paramagnetic  moment  on  the  cobalt.* 
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FIG.  3.  Temperature  dependence  of  the  neutron-diffraction  integrated  inten¬ 
sity  (above  the  background)  of  the  magnetic  {010}  reflection;  (a)  in 
UCoNiSi2,  indicating  T^=U5±5  K;  (b)  in  UCoCuSi2,  indicating 
Tg=95:t5  K  Each  data  pc>nt  is  an  average  of  three  consecutive  scans  of  the 
{010}  reflection,  taken  at  increasing  temperatures 


The  additional  small  peaks  on  the  ac-susceptibility  curve 
of  UCoNiSi2  (see  Fig.  1)  are  probably  indicative  of  short- 
range-order  transitions,  but  in  a  reduced  extent  when  com¬ 
pared  to  the  situation  in  UNiCuSi2,^"*  outlined  above.  The 
reduced  regions  of  irregular  ferromagnetic  (or  ferrimagnetic) 
short-range  order  in  UCoNiSi2  indicate  increased  stabiliza¬ 
tion  of  the  AF-/  structure  in  this  material  compared  with 
UNiCuSi2. 

The  paramagnetic  Curie  temperature  B  varies  from  nega¬ 
tive  in  UCoNiSi2  to  positive  and  close  to  Tc  in  UCoCuSi2 
(Table  II).  Based  on  the  trend  of  these  B  values  we  expect  an 
oscillatory  variation  of  B  with  x  in  the  corresponding 
U(Mi_^M^)2Si2  systems,  similar  to  that  reported  for 
U(Ni,.^CuJ2Ge2.’ 

The  occurrence  of  two  magnetic  phases  in  UCoCuSi2, 
ferromagnetic  below  K  and  AF-/  below 

ro=95±5  K  down  to  10  K,  is  different  from  the  magnetic 
behavior  of  the  UCoNiSi2  and  UNiCuSi2.  The  latter  have 
single  magnetic  phases,  both  AF-/,  below  Tf;=U5±5  and 
150±1  K,  respectively. 

The  oscillatory  variations  of  B  with  x  in  the 
U(Mi_^M_()2Si2  systems,  and  the  magnetic  phase  diagrams 
of  these  systems  are  expected  to  be  correlated  with  the 
change  in  the  number  of  conduction  electrons  (/?/v^y-like 
behavior),  as  discussed  for  the  U(Ni|_jCUf)2Ge2  system.’ 


'  L.  Chclmicki,  J.  Leciejewicz,  and  A.  Zygmunt  J.  Phyc.  Cbem  Solids  46, 
529  (1985). 
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Ferromagnetic  ordering  in  diiute  PdCo  ailoys 
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The  analysis  of  magnetization  and  neutron-scattering  measurements  shows  that  the  ferromagnetic 
cloud  in  dilute  PdCo  alloys  has  a  size  of  7.92//.^ ,  with  a  Co  moment  of  ,  for  a  range  of 
concentrations  of  0.3=Sc^2.0  at.  %  Co.  Using  the  values  obtained  by  our  analysis  of  the  data,  the 
neutron  scattering  and  the  critical  temperatures  of  ferromagnetis.m  are  reproduced  using  a  localized 
magnetic  moment  model  with  a  Heisenberg  type  of  interaction  between  clouds  and  Monte  Carlo 
simulation  methods.  The  calculated  neutron  scattering  shows  a  strong  component  of  critical 
scattering  in  the  unpolarized  neutron;  this  component  is  the  cause  of  the  larger  value  of  the 
ferromagnetic  cloud  (~10/i.b)  that  can  be  inferred  from  the  neutron  scattering.  Agreement  is  also 
found  between  calculated  critical  temperatures  and  experimental  T^’s  at  these  values  of 
concentrations. 


I.  INTRODUCTION 

PdCo  alloys  have  always  been  treated  as  one  of  the  most 
typical  giant  moment  systems,  along  with  PdFe  alloys.  The 
size  of  the  giant  moment  has  been  taken  as  ~10/ig ,  based  on 
magnetization  measurements  made  by  Bozorth  et  al}  in 
1961  and  on  unpolarized  diffuse  neutron-scattering  measure¬ 
ments  made  by  Low  and  Holden^  in  1966.  Although  there 
has  been  subsequent  analyses  of  the  mentioned  data,  and  also 
new  experimental  data,  until  now  there  has  been  no  agree¬ 
ment  on  the  size  of  the  magnetization  cloud  and  on  several 
other  magnetic  characteristics  of  these  alloys.  It  is  the  pur¬ 
pose  of  this  work  to  present  our  results  on  these  matters, 
using  a  new  approach  by  analy?  ing  the  available  experimen¬ 
tal  data  with  a  local  moment  model  in  order  to  predict  some 
of  the  magnetic  properties  of  these  alloys. 

II.  MAGNETIC  MOMENTS 

In  1961,  Bozorth  etaO  published  their  magnetization 
measurements  on  PdCo  alloys.  They  found  that  ferromag¬ 
netism  exists  in  compounds  as  dilute  as  0.1  at.  %  Co.  They 
also  determined  the  average  moment  associated  with  each 
Co  atom  without  making  assumptions  on  whether  the  mo¬ 
ment  resides  only  on  the  Co  atom,  or  partly  on  the  Co  with 
the  rest  of  the  moment  scattered  on  the  host  atoms.  The 
modern  approach  for  this  problem  is  to  determine  the  indi¬ 
vidual  average  moment  of  the  impurity  and  the  magnetiza¬ 
tion  cloud  size  [A/  (0)]  by  neutron  scattering  and  to  verify  the 
latter  by  magnetization  measurements.^  A/(0)  should  be 
equal  to  dp^Jdc,  where  is  the  average  magnetic  mo¬ 
ment  of  the  alloy  determined  by  magnetization  measure¬ 
ments.  Low  and  Holden^  made  unpolarized  diffuse  neutron¬ 
scattering  measurements  and  determined  the  individual 
average  moment  of  Co  as  2.1±0.3/U£(.  They  also  estimated 
that  the  giant  moment  size  was  about  lO/tg .  Further  analysis 
of  the  same  data  by  Ododo'*  in  1985  showed  the  same  value 
for  the  impurity  moment  but  a  smaller  value  for  the  giant 
moment.  There  are  only  unpolarized  neutron  measurements 
on  PdCo  which,  according  to  our  analysis,  have  a  nonelastic 
component  in  the  scattering,  therefore  the  Af(0)  cannot  be 
measured  reliably  at  K=0,  using  this  method.  Moreover, 
there  was  no  saturation  in  the  available  mufer.cti.  ^tion  data.^ 


The  best  way  to  obtain  A/(0)  was  to  determine  the  average 
individual  moments  from  the  neutron  scattering  (critical  scat¬ 
tering  does  not  affect  the  neutron  scattering  at  large  K),  and 
using  the  appropiate  magnetic  form  factors,  and  then  to  cal¬ 
culate  dp^Jdc  using  the  fact  that  p^^^-cp,  +  {\-c)p),. 
With  this  method  we  find  that  Af  (0)  is  equal  to  7.92t0.29pB 
and  that  2.02  ±0.03.  These  values  are  in  agreement, 

within  the  errors,  with  the  results  obtained  by  Ododo.'’ 


III.  MODEL  AND  CRITICAL  TEMPERATURES 

We  use  a  magnetic  environment  model  that  has  been 
used  for  other  giant  moment  systems.  We  only  present  here 
the  necessary  formulas;  the  complete  model  can  be  found  in 
Ref.  5. 

The  giant  moment  is  formed  by  the  exchange  enhance¬ 
ment  of  the  Pd  atoms.  This  enhancement  is  veriliable  in  the 
susceptibility  of  Pd  which  in  this  model  can  be  written  as 


where  F  is  an  enhancement  factor  that  has  been  determined 
as  0.947±0.009,  and  is  the  nonenhanced  susceptibility. 

In  this  model  we  assumed  no  interaction  between  the 
magnetic  impurities  (we  assume  they  are  sufficiently  iso¬ 
lated)  and  that  the  inducer  of  the  ferromagnetism  is  the  in¬ 
teraction  between  polarization  clouds.  This  interaction  is 
given  by 


W=-|2-/,;S,-Sj-2  B-Si,  (2) 

'•j  I 

>*i 

where  S,  are  the  spins  of  the  system,  B  is  an  external  field, 
and  J,i  are  the  exchange  interactions  between  clouds.  Using 
this  interaction  we  determine,  by  Monte  Carlo  simulation, 
the  critical  temperatures  of  ferromagnetism  from  the  maxi¬ 
mum  of  X  which  is  given  by 


^  NkT 


(3) 


The  quantity  x  coincides  with  the  susceptibility  x  for  infinite 
systems  and  is  proportional  to  the  fluctuation  of  the  magni- 
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FIG.  1.  Comparison  of  calculated  critical  temperatures  of  ferromagnetism 
with  experimental  values. 


tude  of  the  total  moment.  Critical  temperatures  were  deter¬ 
mined  with  200  impurity  spins  in  a  fee  periodic  lattice,  with 
2000  Monte  Carlo  steps  per  spin.  The  calculated  tempera¬ 
tures  are  compared  with  experimental  values  in  Fig.  1. 


IV.  NEUTRON  SCATTERING 

The  diffuse  unpolarized  neutron  scattering  on  PdCo  al¬ 
loys  shows  forward  peaks  which  would  give  larger  magneti¬ 
zation  clouds  than  the  values  obtained  by  Ododo**  and  by  our 
analysis,  for  this  concentration.  This  disagreement  suggests 
the  presence  of  a  critical  scattering  contribution  to  the  neu¬ 
tron  measurements,  which  we  decided  to  calculate.  In  order 
to  do  this,  we  used  the  following  formula:*’ 

1  d(r 

^^*^^"(0.27)-c(l-c)iV  da 

In  this  equation,  Sf  is  the  component  of  S,  perpendicular  to 
K,  ( )  indicate  thermal  averages,  the  overhead  bar  indicates 
spatial  averages,  and  A/(K)  is  the  form  factor  of  the  magne¬ 
tization  cloud. 

The  Monte  Carlo  calculations  were  made,  using  the 
Hamiltonian  given  in  Eq.  (2),  the  same  way  as  before  but 
with  a  field  B  along  the  z  axis  assumed  perpendicular  to  K 
and  obeying  the  condition 

kT 

(5) 

This  relation  guarantees  that  the  total  magnetic  moment 
keeps  its  orientation  and  that  the  local  field  of  each  spin  is 
unaffected  by  the  field  B.  Under  the  conditions  expressed 
above,  we  calculated  the  quantities  (5f),  (Sj-Sj),  and  (5,'5p 
from  which  we  obtained 
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FIG.  2.  Calculated  neutron  scattering  compared  with  experimental  values. 


{StMS‘)z,  (6) 

<Sf.Sj)  =  |«S;5;)  +  (S,.Sj)).  (7) 

Since  the  samples  were  polycrystalline,  the  spherically 
averaged  diffuse  scattering  cross  section  was  calculated  as  a 
function  of  wave  vector  K.  The  calculation  was  performed  at 
the  temperature  of  the  experiments.  The  results  are  shown  in 
Fig.  2.  r(K)  corresponds  to  a  cross  section  normalized  in 
order  to  be  equal  to  M{K)  for  large  values  of  /f;  the  diffuse 
cross  section  without  normalization  is  below  the  experimen¬ 
tal  data,  since  it  was  calculated  for  a  nonsaturated  system. 
The  calculated  neutron  scattering  shows  that  there  is  a  strong 
component  of  critical  scattering  in  the  unpolarized  neutron 
data  of  Low  and  Holden;”  this  component  is  the  cause  of  the 
larger  value  of  the  ferromagnetic  cloud  that  can  be  inferred 
from  the  neutron  scattering. 


V  CONCLUSIONS 

Our  results  indicate  that  PdCo  behaves  as  typical  giant 
moment  system,  as  expected.  We  find,  however,  that  the 
magnetization  cloud  is  not  as  large  as  has  been  reported  ear¬ 
lier.  This,  we  think,  is  reasonable  because  Co  has  a  moment 
in  a  Pd  host  which  is  about  one-third  smaller  than  the  mo¬ 
ment  of  Fe  in  the  same  host.  The  cloud  produced  by  Co  must 
therefore  be  smaller  and  not  of  approximately  the  same 
value.  The  calculations  of  the  critical  temperatures  and  of  the 
neutron  scattering  presented  here  and  its  verification  against 
experimental  values  seem  to  confirm  our  conclusions. 
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The  temperature  dependence  of  magnetic  susceptibility  has  been  measured  in  a  temperature  region 
from  about  100  to  500  K  for  the  compounds  RC03B2  with  R=Y,  Sm,  Gd,  and  Dy.  Their 
magnetization  curves  at  1=5  K  have  also  been  measured  in  a  pulsed  high  field  up  to  170  kOe. 
YC03B2  seems  to  have  a  Pauli  paramagnetic  nature  down  to  T=5  K.  In  the  paramagnetic 
temperature  region,  SmCo3B2  exhibits  Van  Vleck  paramagnetism;  however,  GdCo3B2  and  DyCo3B2 
show  Curie-Weiss  character.  The  paramagnetic  susceptibility  for  all  compounds  mentioned  above 
is  found  to  include  a  Pauli  paramagnetic  contribution  from  the  Co  sublattice.  In  the  case  of  GdCo3B2 
at  r=5  K,  the  magnetic  moment  of  0.2/rfl/Co,  which  is  antiparallel  to  the  Gd  moment,  is  considered 
to  be  induced  by  the  exchange  field  from  the  Gd  spin.  A  similar  induced  moment  of  0.14^b/Co  is 
also  estimated  in  DyCo3B2.  The  Sm-  and  Dy-sublattice  moments  at  7=5  K  are  smaller  than  the 
free-ion  values,  which  can  be  explained  by  the  crystal-field  theory.  A  relatively  large  value  of 
B\=1.Q  K  for  Dy^^  in  DyCo3B2  can  explain  the  experimental  Dy^"*^  spontaneous  moment  and  its 
increase  by  external  field.  The  Sm  moment  in  SmCo3B2  at  7=5  K  may  be  antiparallel  to  the  induced 
Co-sublattice  moment. 


I.  INTRODUCTION 

The  compounds  RC03B2  (R  denotes  rare  earth)  corre¬ 
spond  to  the  case  of  «=<»  of  the  compound  systems  ex¬ 
pressed  by  the  general  formula  R„+|Co3„+5B2„  whose  mag¬ 
netic  properties  should  reflect  the  systematic  crystallographic 
change  with  The  above  systems  also  include  some  pos¬ 
sibility  as  a  hard  magnetic  material.'*'^  Therefore,  magnetic 
study  for  the  above  systems  seems  very  important  from  fun¬ 
damental  as  well  as  applied  view  points.  Ballou,  Burzo,  and 
Pop*  recently  studied  the  magnetic  properties  of 
(Gdi_^Yj)2Co7B2  compounds  and  pointed  out  that  the  Gd 
exchange  field  on  the  Co  site  significantly  enhances  the  Co- 
sublattice  moment.  Similar  suggestions  have  also  presented 
by  others.’"'®  In  order  to  clarify  the  induced  moment  on  the 
Co  site  and  also  the  magnetic  state  of  the  rare-earth  sublat¬ 
tice,  this  work  focuses  on  the  compounds  RC03B2  with  R= Y, 
Sm,  Gd,  and  Dy.  The  magnetic  susceptibility  in  the  paramag¬ 
netic  region  in  addition  to  the  magnetic  moment  at  7=0  K 
have  been  measured  and  are  discussed  for  the  above  com¬ 
pounds. 

II.  SAMPLE  PREPARATION  AND  X-  RAY  ANALYSIS 

Samples  examined  in  this  work  have  been  prepared  by 
melting  raw  materials  of  99.9%  purity  in  an  arc  furnace. 
Generally  the  melting  was  repeated  several  times  to  homog¬ 
enize  the  ingots  which  were  then  annealed  at  800  °C  for  1 
day.  The  crystal  structure  of  the  samples  thus  prepared  has 
been  confirmed  to  be  of  the  CeCo3B2  type  which  is  con¬ 
structed  by  replacing  the  2r-site  cobalts  of  the  CaCus-type 
structure  by  boron  atoms.’’^  As  seen  in  Table  1,  it  is  noted 
that  the  a  axis  of  RC03B2  remains  almost  unchanged;  how¬ 
ever,  the  c  axis  decreases  significantly  in  comparison  with 
those  of  the  RC05  of  the  CaCu5-type  structure. 

III.  MAGNETIC  MEASUREMENTS 

In  order  to  determine  the  magnetic  moment  per  formula 
unit  (yug/'f.u.),  magnetization  curves  of  loose  powder  RC03B2 


with  R=Y,  Sm,  Gd,  and  Dy  have  been  measured  at  7=5  K 
in  a  pulsed  field  up  to  170  kOe.  In  the  case  of  YC03B2, 
magnetization  reached  saturation  at  about  15  kOe,  which 
gives  a  saturation  moment  of  0.6  emu/g  or  0.032/AB/f.u.  This 
small  value  must  be  atributed  to  ferromagnetic  impurity 
which  has  been  confirmed  in  the  YC03B2  sample.'®  There¬ 
fore,  the  Co  sublattice  of  YC03B2  must  be  essentially  in  a 
nonmagnetic  state  at  7=5  K. 

Magnetization  curves  for  RC03B2  with  R=Sm,  Gd,  and 
Dy  are  illustrated  in  Figs.  1  and  2,  respectively. 

Spontaneous  magnetization  of  SmCo3B2  is  obtained  to 
be  1.94  emu/g  or  0.12/Ltg/f.u.  by  the  linear  extrapolation  of 
the  magnetization  curve  to  zero  field.  The  value  of 
0.12/rg/f.u.  is  much  smaller  than  the  Sm  free-ion  moment. 

The  linear  part  of  the  magnetization  curve  gives  a  high- 
field  susceptibility  Yhf=6.9X10~*  emu/g,  4.5X10"'' 
/Ug/kOe.  In  the  cases  of  GdCo3B2  and  DyCo3B2,  the  magne¬ 
tizations  do  not  reach  the  free-ion  moments.  Both  magneti¬ 
zation  curves  with  increasing  field  in  Fig.  2  begin  to  have  a 
linear  part  at  around  60  kOe.  The  linear  part  for  GdCo3B2 
seems  to  be  the  saturation,  which  gives  6.4/zg/f.u.,  while  the 
linear  part  for  DyCo3B2  gives  8.2/Zg/f.u.  by  extrapolation  to 
zero  field  and  8.9/ig/f.u.  at  the  maximum  field 


TABLE  i  Lattice  constants  (the  values  in  parentheses  are  for  RCoj),  Cuiie 
temperature,  and  magnetic  moment  per  formula  unit  at  7’=4  2  or  5  K.  Data 
from  some  references  are  also  tabulated.  The  free  ion  moments  are 
also  shown. 


a  (A) 
c  (A) 

T,  (K) 

HbK.u. 

YC03B2 

5.051(4.914) 
3.035(3  982) 

PP’’ 

0.03,0.09[10] 

0 

SmCo3B2 

5.110(4.982) 

2.995(3.975) 

40[11] 

012 

0.71 

GdCo3B2 

5.074(4.963) 
3.039(3  973) 

58[9],57[10] 

6.4,5.9[10] 

b.4t9],6.9[3] 

7.0 

DyCo3B, 

5.031(4.916) 

27[3],21[10] 

8.2,8.9(//  =  140  kOe) 

lO.O 

3  018(3.990) 

7.8[3], 7.6(9] 

* 

! 


FIG.  1.  Magnetization  curve  for  loose  powder  of  SmCojB2  at  T =5  K. 


of  140  kOe.  The  specimens  in  this  measunnent  are  loose 
powder  but  may  have  some  friction  among  powder  particles; 
in  addition,  the  pulsed  field  is  used,  so  we  regard  only  the 
linear  part  of  the  magnetization  curve  as  an  intrinsic  magne¬ 
tization  process.  The  magnetic  data  are  summarized  in  Table 
I. 

Paramagnetic  susceptibility  has  been  measured  for 
RC03B2  in  the  temperature  range  from  about  100  to  500  K. 
To  remove  the  contribution  from  ferromagnetic  impurities  in 
the  samples,  we  generally  measured  first  a  lot  of  thermomag- 
netic  curves  under  various  external  magnetic  fields  up  to  8 
kOe,  and  then  constructed  magnetization  curves  from  them 
at  various  temperatures  above  room  temperature.  In  the  tem¬ 
perature  region  below  room  temperature,  magnetization 
curves  have  been  measured  in  fields  up  to  12  kOe.  The  para¬ 
magnetic  susceptibility  has  been  determined  from  the  linear 
part  of  each  magnetization  curve.  Spontaneous  moment  con¬ 
tributed  from  the  impurity  in  the  case  of  DyC03B2  has  been 
determined  to  be  0.13  emu/g  at  room  temperature. 

In  the  case  of  YC03B2,  the  ferromagnetic  impurity  pre¬ 
vents  us  from  determining  the  intrinsic  magnetic  susceptibil¬ 
ity  which  is  very  small  compared  with  those  of  GdCo3B2  and 
DyCo3B2.  The  temperature  dependence  of  magnetization 
mainly  due  to  the  temperature  dependence  of  magnetization 
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FIG.  3.  Temperature  dependence  of  magnetic  susceptibility  for  SmC03B2 
powder. 


of  YC03B2  in  a  constant  magnetic  field  has  been  found  to  be 
almost  independent  of  temperature  in  a  wide  range  of  tem¬ 
peratures,  which  also  implies  that  YC03B2  is  essentially  Pauli 
paramagnetic  (see  also  Rff.  10). 

The  sample  of  SmCo3B2  is  fortunately  found  not  to  con¬ 
tain  ferromagnetic  impurity  with  Tc  higher  than  room  tem¬ 
perature,  so  the  temperature  dependence  of  susceptibility  has 
been  easily  determined  as  shown  in  Fig.  3.  In  the  cases  of 
GdCo3B2  and  DyCo3B2,  their  intrinsic  magnetic  susceptibili¬ 
ties  have  been  determined  by  the  method  mentioned  above. 
The  data  are  shown  in  Fig.  4.  These  data  devi.ate  slightly 
from  the  Curie- Weiss  law  in  the  high-temperature  region. 
ITie  linear  parts  in  the  low-temperature  region  give  7.95  and 
H.d/zg/Tu.  for  the  effective  moments  of  GdCo3B2  and 
DyCo3B2,  respectively.  The  former  agrees  well  with  the 
Gd^'*'  effective  moment,  however  the  latter  is  a  little  larger 
than  the  free  Dy^^  value  of  10.65/Uj .  The  paramagnetic  Cu¬ 
rie  points  agree  fairly  well  with  the  ferromagnetic  Curie  tem¬ 
peratures  listed  in  Table  1 


FIG.  4.  Calculated  magnetic  moment  m  ot  Dy^'^  at  7’=0  K  as  a  function  of 
FIG.  2.  Magnetization  curves  for  loose  powder  of  GdCo3B2  and  DyCo3B2.  x= iig{H„  +  2H)ID.  •  molecular  field;  //:e.xternal  field;  D  =  3B2. 
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IV.  DISCUSSION  OF  THE  RESULTS 


10 


As  seen  in  Table  I,  the  moment  of  the  O.Ol/i^/Co  atom 
for  YC03B2  suggests  nonmagnetic  Co  sublattice.  As  dis¬ 
cussed  in  our  previous  article,^  the  B  atoms  in  the 
R„+jCo3„+5B2„  systems  have  been  considered  to  donate 
their  valence  electrons  to  the  Co  sublattice,  which  results  in 
the  nonmagnetic  state  of  the  Co  sublattice.  The  moment  of 
SmC03B2,  0.12/iB/f.u.,  at  7=5  K  suggests  the  influence  of 
excited  multiplets.  The  large  high-field  susceptibility  of 
6.9X10“®  emu/g  in  Fig.  1  must  be  explained  mainly  by  the 
excited  multiplets  effect  and  partly  by  the  Pauli  paramagnetic 
Co  sublattice.  The  saturation  moment  of  for 

GdCo3B2  seems  to  be  the  most  reliable  value.  The  -0.6fj.g 
extra  moment  in  comparison  with  l-Ofig  of  a  free  Gd^^  mo¬ 
ment  must  be  attributed  to  the  Co-sublattice  negative  polar¬ 
ization  which  is  O-l/HglCo  atom.®’^  The  large  spin  of  the  Gd 
atom  (S-Hl)  gives  a  strong  exchange  field  to  the  Co3rf 
electrons.  This  result  contrasts  with  the  O.b/tfl  extra  moment 
parallel  to  the  Gd  moment  in  pure  Gd  metal  at  7=0  K.’^  The 
induced  moment  of  the  O-lfiglCo  atom  is  smaller  than 
0.49/ig/Co  estimated  by  Ballou  and  co-workers®  for 
Gd2Co7B3  or  O.S/ig/Co  estimated  for  GdCo4B  by  Pedziwiatr 
et  al?  and  Burzo  e/a/.®  Since  the  B  atoms  in  the 
R„4,iCo3„+5B2„  systems  donate  their  valence  electrons  to 
the  Co  sublattice®  like  RCo^.^Al,,’®  the  Co3</  band  in 
RC03B2  compounds  must  be  nearly  filled  and  distorted; 
therefore,  the  disagreement  mentioned  above  is  not  surpris¬ 
ing.  Similar  analysis  is  applied  to  the  data  for  DyCo3B2.  The 
Oy  atom  has  the  same  spin  of  5/2  as  that  of  the  Sm  atom,  if 
the  exchange  field  on  the  Co  site  is  proportional  to  the  rare- 
earth  spin,  the  Co  polarization  in  DyCo3B2  as  well  as  in 
SmCo3B2  is  calculated  on  the  basis  of  the  data  for  GdCo3B2 
to  be  QATtfigltw.  or  Q.M/ig/Co  atom. 

Therefore,  the  9i.2figli.w.  of  DyCo3B2  and  Q.\2^lg|i.\i.  of 
SmCo3B2  lead  to  8.63/ifl/Dy  and  0.31/iB/Sm  which  are  anti¬ 
parallel  to  the  induced  Co  moment.  The  latter  case  is  espe¬ 
cially  noteworthy  because  the  R  moment  is  generally  parallel 
to  the  moment  of  3d  metal  atoms.  The  intrinsic  Dy®^  spon¬ 
taneous  moment  of  8.63fig  is  now  discussed  by  the  crystal- 
field  theory.  We  express  the  Hamiltonian  for  DyCo3B2  in  a 
simple  form  by  the  following; 

.J^=DJ^,  +  2{gj-l)J,flgH„,  (i) 

where  the  first  term  in  the  right-hand  side  is  the  crystal  field 
due  to  only  A 2,  the  second  the  exchange  interaction  between 
Dy  ions  with  the  molecular  field  H„  which  is  in  the  c  plane, 
D  =  3B\,  and  the  other  notations  are  usual  ones. 

Solving  the  16X16  determinant,  we  determined  the 
ground-state  wave  function  and  then  calculated  the  Dy®^ 
moment,  at  7=0  K  as  a  function  of 

x  =  I^BtimlD- 

The  calculated  result  is  shown  in  Fig.  5.  When  an  exter¬ 
nal  field  H  is  applied,  the  H„  must  be  replaced  by 
{H„  +  2H).  Point  A  in  Fig.  4  gives  a  spontaneous  Dy  mo¬ 
ment  of  8.63 ixg,  which  results  in  UgHJD =0.70.  The  mo¬ 
lecular  field  UgHJk  is  estimated  to  be  14.7  K  or  H„=219 
kOe  from  Tc=27  K,  therefore  D  =  3^2  is  obtained  to  be  21.0 
K  or  82=7.0  K,  which  is  in  good  agreement  with  B2'=6.37  K 


FIG.  5.  Temperature  dependence  of  reciprocal  magnetic  susceptibility  for 
GdCo3B2  and  DyCo3B2. 

estimated  from  the  Mossbauer  spectrum  by  Malik  and 
co-workers.®  On  the  other  hand,  the  maximum  field  in  Fig.  3 
is  140  kOe,  which  is  comparable  to  the  .  The  summation 
of  the  two  fields  gives  fj,g(Hm  +  2H)ID  =  1.60,  therefore 
9.25iig  is  expected  for  the  Dy  moment  as  seen  from  point  B 
in  Fig.  4.  This  expected  value  agrees  very  well  with  the 
experimental  one,  the  intrinsic  Dy  moment  of  9.33ng ,  which 
is  the  summation  of  8.9 figli.M.  at  //=140  kOe  and  the  Co- 
induced  moment  of  0.43/ig . 

In  the  paramagnetic  temperature  region,  SmCo3B2  be¬ 
haves  like  the  Van  Vleck  paramagnetism.  The  dashed  line  is 
calculated  by  taking  the  excited  multiplets  of  7=7/2  and  9/2 
into  account,  and  also  by  using  klk=350  K  for  the  LS  cou¬ 
pling  constant.  Therefore,  the  difference  between  the  ob¬ 
served  and  calculated  curves  in  Fig.  3  corresponds  to  the 
Pauli  paramagnetic  susceptibility  contributed  by  the  Co  sub¬ 
lattice,  2/0,=  1.1X10“®  emu/g.  This  Co  contribution  also  ap¬ 
pears  in  the  magnetic  susceptibilities  of  GdCo3B2  and 
DyCo3B2.  The  deviations  from  the  Curie-Weiss  law  are  seen 
in  Fig.  4.  Rough  estimation  of  Yq,  from  those  deviations  is 
about  2X10“®  emu/g  for  GdCo3B2  and  about  4X10“®  emu/g 
for  DyCo3B2,  which  agree  approximately  with  the  for 
SmCo3B2 . 
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nuclear  quadrupole  resonance  and  relaxation  in  Zn-doped  La2Cu04 
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’^^La  nuclear  quadrupole  resonance  and  relaxation  measurements,  aimed  at  the  study  of  static 
magnetic  properties  and  6f  the  dynamical  generalized  susceptibility  in  La2CU]-xZnj(04,  upon 
substitution  of  Zn^^  (5=0)  for  Cu^^  (5=1/2)  inducing  a  spin  vacancy  in  the  antiferromagnetic 
matrix,  are  presented.  From  the  doublet  resulting  from  the  mixed  Zeeman-quadrupolar  eigenstates, 
it  is  shown  how  the  sublattice  magnetization  is  only  slightly  x  dependent,  while  its  temperature 
dependence  changes  with  respect  to  pure  La2Cu04.  The  relaxation  rates  show  moderate  (compared 
to  the  case  of  itinerant  spin  vacancies,  as  in  La2-*Sr^Cu04)  effects,  which  are  related  to  the  decrease 
of  the  correlation  length  and  to  the  modifications  induced  in  the  spin-wave  spectrum. 


I.  INTRODUCTION 

The  study  of  the  effects  of  Zn  for  Cu  substitution  in 
La2Cu04  is  motivated  by  ihe  connections  with  the  mecha¬ 
nism  of  superconductivity  in  cuprates,  which  is  known  to 
occur  on  the  verge  of  antiferromagnetic  (AF)  order.  The  Zn 
doping  of  La2ru04  decreases  the  Neel  temperature,  with  the 
removal  of  a  Cu^"^  spin  from  the  AF  matrix,  a  situation 
somewhat  equivalent  to  the  spin  vacancy  induced  by  Sr  dop¬ 
ing,  the  relevant  difference  being  that  in  this  latter  case  the 
vacancy  is  itinerant.  Zn  doping  has  effects  stronger  than  the 
conventional  magnetic  dilution.  In  fact,  for  two-dimensional 
(2D)  Heisenberg  AF  on  square  lattice  theoretical  treatments,' 
and  experimental  findings,^  indicate  that  the  initial  suppres¬ 
sion  rate 
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dTsix) 

dx 
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should  be  n,  while  the  AF  order  should  persist  up  to  the 
percolation  threshold  x‘^0.41.  In  La2Cui-xZn^04,  A  seems 
larger  and  for  x«*0.11  is  already  close  to  zero.'^  The  Cu 
magnetic  moment  and  the  magnetic  exchange  also  stay  prac¬ 
tically  constant  for  x  ^0.1.  Thus,  one  is  led  to  the  conclusion^ 
that  novel  microscopic  features,  such  as  effects  on  the  elec¬ 
tronic  states,  occur  in  La2Cui-xZn^04. 

A  useful  tool  to  study  the  microscopic  magnetic  proper¬ 
ties  in  doped  La2Cu04  is  '^®La  nuclear  quadrupole  resonance 
(NQR)  and  spin-lattice  relaxation.  A  vaiiety  of  experiments'* 
provided  enlightning  insights,  particularly  in  La2-xSr^Cu04. 
In  this  article  the  results  obtained  in  La2Cui_;tZn^04  are  re¬ 
ported.  The  NQR  spectra  are  used  to  derive  the  Cu  sublattice 
magnetization  {/x)  and  its  x  and  temperature  dependence. 
The  relaxation  rates  are  interpreted  in  terms  of  magnetic  ex¬ 
citations  and  of  the  modifications  induced  by  the  spin  va¬ 
cancy  in  the  magnons  spectrum. 


II.  EXPERIMENT 

The  Zn-doped  La2Cu04  samples  have  been  prepared  by 
solid-state  reactions  in  air,  with  annealing  of  the  pellets  for 
24-48  h  at  1050  °C.  Particular  attention  has  been  devoted  to 


’’On  leave  of  absence  from  Hacettepe  University,  Ankara,  Turkey 


the  problem  of  extra  oxygen,  which  is  known"*  to  cause  a 
strong  depression  of  7";^ ,  particularly  in  Zn-doped  YBCO.*’^ 
Measurements  were  first  earned  out  in  as-grown  samples. 
Then  a  set  of  samples  at  various  x  was  kept  for  24  h  at 
various  temperatures  from  600  to  900  °C  in  N2  atmosphere. 
Tf/  was  found  to  increase  progressively,  supporting  the 
conclusion®  that  the  effect  of  interstitial  oxygen  simply  adds 
on  to  one  due  to  the  magnetic  vacancies.  In  the  thermally 
treated  samples,  where  forx=0  one  has  ryy=315  K  (close  to 
the  highest  T f/  achieved  in  La2Cu04),  still  some  evidence  of 
small  amounts  of  extra  oxygen,  undetected  by  thermo¬ 
gravimetry  measurements,  was  noticed  from  La  NQR  relax¬ 
ation  at  r^SOO  K. 

The  '®’La  NQR  spectra  have  been  obtained  with  stan¬ 
dard  pulse  techniques,  from  the  echo  envelope,  by  sweeping 
the  frequency  at  moderate  intensity  of  the  radio-frequency 
field.  The  field  at  the  La  site  was  derived  from  the  resonance 
lines  originated  from  the  mixed  Zeeman-quadrupolar  eigen¬ 
states  of  the  ±l/2*-+±3/2  NQR  line.'*  In  particular,  the  shift  S 
of  the  doublet  at  higher  frequency  with  respect  to  the  quad¬ 
rupole  frequency  vq,  obtained  from  the  (±5/2«->±7/2)  dou¬ 
blet,  was  measured.  Since  the  asymmetry  parameter  of  the 
electric-field  gradient  is  small,’  S  is  practically  proportional 
to  the  effective  field  |/it  at  the  La  site.  Then,  in  the  limit 
r-*0,  one  has 

(/tCu(-<’,0))  _l/i(x,0)l  5(x,0) 

(/^c»(0,0))  ~|/i(0,0)|  ’5(0,0)  •  ^  ’ 

The  temperature  dependence  of  (mcu(^>D)  was  obtained 
from  \h(x,T)\  in  the  assumption  that  the  proportionality  con¬ 
stant  is  temperature  independent,  which  is  the  case  when  no 
modifications  in  the  magnetic  lattice  occur.  The  field  was 
derived  from  d(x,T),  through  direct  diagonalization  of  the 
matrix  involving  the  Zeeman-perturbed  quadrupole  levels. 

The  '®’La  NQR  relaxation  rate  W  has  been  obtained 
from  the  recovery,  after  saturation,  of  the  echo  signal  of  the 
±5/2<-»±7/2  line.  One  has'* 

2VV=y  I  (/i4(0)/i_(r))e-'®“o'  dt 
T  kT 

"2^  (/'eff)'  y  S  Af,(0)7,(3coe),  (3) 
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FIG.  1.  X  dependent  of  the  Neel  temperature  and  of  the  Cu  sublattice  magnetization  (ti(x,T->0))  (inset)  in  La2Cu,.^Zn^04  after  thermal  treatment.  [For  the 
as-grown  sample  an  analogous  behavior  is  observed  with  T^(x=0)=22S  K,  instead  of  7’;i,(j:=0)=315  Kof  the  thermally  treated  sample.]  Representative  data 
obtained  by  other  authors  with  different  techniques  are  also  shown:  (0)  susceptibility.  Ref.  10;  (□)  susceptibility  and  n  SR,  Ref.  11;  (•)  susceptibility,  Ref. 
5;  (X)  neutron  scattering,  Ref.  8;  (O)  de  susceptibility.  Ref.  12;  (A)  present  work.  The  solid  and  the  dashed  lines  are  the  best-fit  behaviors  predicted  by 
Acquarone  and  Paiusco  (Ref.  3)  in  correspondence  to  a  model  of  metallic  AF. 


where  h^ff  is  an  effective  field,  mediated  over  the  Briliouin 
zone  and  close  to  the  value  of  the  static  field  |/i|“10^  G 
found  in  La2Cu04  at  the  lowest  temperature. 

III.  RESULTS  AND  DISCUSSION 

The  Neel  temperatures  (obtained  from  the  condition 
5-+0  and  from  the  concunent  peaks  in  the  relaxation  rate 
and/or  in  the  dephasing  time  of  the  echo  signals)  and  the  x 
dependence  of  the  sublattice  magnetization  are  shown  in  Fig. 
1.  From  our  data  the  factor  A  [Eq.  (1)]  turns  out  close  to  5.5. 
The  X  dependence  ofT/^  appears  well  fitted  by  the  theoretical 
behavior^  of  a  metallic  AF. 

In  Fig.  2  the  temperature  dependence  of  the  sublattice 
magnetization  is  shown.  For  x=2.5%  the  behavior  of 
{fiOiiT))  is  close  to  the  one  for  weakly  itinerant  AF  (solid 
line),  while  at  x=1.5%  the  data  are  better  described  by  the 
behavior  of  the  order  parameter  in  2D  systems.  For 
{TITff)<\  one  can  try  to  analyze  the  decrease  of  (/*)  in 
tenns  of  the  law  1  -A  T“,  expected  to  result  from  spin-wave 
excitations.  One  derives  a=1.95  and 
A  =  a  large  value  implying  rapid  de¬ 

crease  of  the  sublattice  magnetization. 

In  Fig.  3  the  *^’La  NQR  relaxation  rates  are  reported  and 
compared  with  the  behavior  in  pure  La2Cu04.  In  the  AF 
phases  W  decrease  rapidly  with  decreasing  temperature,  as 
expected  for  the  Raman  two-magnon  relaxation  process. 
This  can  be  interpreted  in  terms  of  an  effective  spectral  den¬ 
sity  in  the  rf  range  which  is  negligible  when  the  excitations 
are  AF  spin  waves.  Then,  for  3D  isotropic  AF,  one  would 
have 


J.ff=[4/(27r)3a)exch](7'/r„ch)'. 

with  Heisenberg  exchange  frequency.  However,  esti¬ 
mates  on  the  basis  of  this  expression  yield  W  considerably 
smaller  than  the  experimental  results.  Even  though  a  spin- 


FIG.  2.  Normalized  temperature  dependence  of  the  Cu  sublattice  magneti¬ 
zation  in  La2Cui_„Zn^04.  The  solid  line  is  the  theoretical  behavior  pre¬ 
dicted  for  a  weekly  itinerant  AF  (see  Ref.  9)  and  fits  rather  well  our  data  for 
Ar=0  (and  those  of  Refs.  9  and  13  in  pure  La2Cu04,  practically  coincident 
with  outs).  The  dashed  line  is  the  function  (/:icu)“(^\“  of  the  form 
expected  for  the  order  parameter  in  low-dimensional  systems.  The  dotted 
line  conesponds  to  the  function  ((/i(0))-(;u(r)})/(/t(0))=A7'“  with 
a=1.95  andA  =  l  4X10"*ff'”. 
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FIG.  3.  '”La  NQR  relaxation  rates  IW  in  La2Cui-xZn,04,  for  x=0.025 
and  x=0.075  as  a  function  of  temperature,  and  comparison  with  the 
sketched  behavior  (solid  line)  in  La2Cu04+i  with  (S=*0.  Some  amount  of 
extra  stoichiometric  oxygen  S,  hardly  detected  in  thermogravimetric  mea¬ 
surements,  is  evidenced  by  the  contribution  to  the  relaxation  occurring  for 
r>250  K  and  associated  with  quadrupolar  mechanism,  possibly  through 
oxygen  diffusion.  The  arrows  mark  the  Neel  temperatures  indicated  by  the 
NQR  spectra. 


wave  spectrum  appropriate  to  2D  La2Cu04  is  used,'^  agree¬ 
ment  is  not  found,  as  already  observed  for  Cu  relaxation.”’** 
In  nominally  pure  La2Cu04  for  T  around  Tf^  and  particu¬ 
larly  in  the  presence  of  AF  disorder  as  in  Zn-doped  com¬ 
pounds,  modifications  in  the  conventional  spin-wave  spec¬ 
trum  can  be  expected.”  In  particular,  if  ^—a/yix  is  the  2D 
magnetic  correlation  length,  propagating  spin  waves  can  ex¬ 
ist  only  for  wave  vector  q  larger  than  and  one  has  re¬ 
gions  of  magnetization  density  short-range  ordered  in  space 
which  relax  with  a  time  scale  related  to  ^"*.  To  discuss  these 
effects  we  model  the  spectral  density  in  Eq.  (3)  in  the  form 


2tt  \(w-w„)^+rsF  (w+Wo)*  +  rs 


suggested**  in  the  interpretation  of  neutron  scattering  in  2D 
AFs.  PsF  heuristically  describes  the  relaxational  dynamics 
associated  with  the  AF  disorder  or  with  finite  size  effects.  By 
taking  into  account  that  in  Eq.  (3)  is  only 

slightly  q  and  x  dependent*’*  and  thus  kTx{q,Q)’^S{S+\)l 
3,  we  can  discuss  the  IP’s  in  terms  of  the  spectral  density 


9 

2D  integration  with  + A*)*^*  yields 


~  ^  t  ^sw~*'^^'*'r'sF 

\fw/  r*F+A* 

where  rsw=c^„(9m«='n’/a,  maximum  wave  vector)  is  a 
typical  spin-wave  frequency  that  for  order-cf-magnitude  es¬ 
timates  one  can  take  as  rad/s.  In  the 

light  of  Eq.  (5),  Jcg  is  expected  to  increase  with  x,  in  corre¬ 
spondence  with  the  increased  number  of  modes  contributing 
to  the  central  component.  Furthermore,  the  decrease  of  the 
spin-wave  velocity  c  with  x^  implies  a  decrease  of  Fsw  and 
an  increase  in  W,  in  agreement  with  the  trend  in  Fig.  3. 

Finally,  we  observe  that  in  La2Cui -^Zn;f04  the  relax¬ 
ation  is  affected  by  doping  to  a  much  smaller  extent  than  the 
one  due  to  itinerant  spin  vacancies,  as  in  La2_;tSr;tCu04,‘*  or 
CU|_^Li^04,**  consistent  with  the  predictions  derived  for  the 
Zhang-Rice  singlet  in  the  framework  of  the  t-J  model. 
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nuclear-magnetic-resonance  (NMR)  and  relaxation  measurements  have  been  performed  in  a 
Sr2Cu02Cl2  single  crystal  as  a  function  of  orientation  between  the  external  magnetic  field  Hq  and 
the  tetragonal  c  axis.  The  onset  is  found  of  an  anisotropic  inhomogeneous  broadening  of  the  NMR 
line  without  paramagnetic  shift  starting  below  about  320  K.  The  broadening  is  strongly  temperature 
dependent  and  it  increases  with  increasing  Hg.  The  relaxation  rate  Tf*,  on  the  other  hand,  diverges 
at  T f/=260  K  in  agreement  with  previous  results  in  powder  sample.  It  is  suggested  that  the  observed 
broadening  is  due  to  the  onset  at  T>Tf/  of  a  spontaneous  nonzero  thermal  average  of  the  Cu^^ 
moment  lying  in  the  a -b  plane. 


I.  INTRODUCTION 

Sr2Cu02Cl2  is  a  layered  perovskite  with  the  body- 
centered-tetragonal  K2NiF4  structure.'  Neutron-diffraction,^ 
magnetic  susceptibility,^  and  /usR  (Ref.  3)  studies  have 
shown  that  Sr2Cu02Cl2  orders  magnetically  with  three- 
dimensional  (3D)  antiferromagnetic  (AF)  structure  and  an 
effective  Cu^^  moment  similar  to  the  one  in  La2Cu04,  well 
known  as  a  parent  compound  of  a  series  of  high-T^,  super¬ 
conductors.  The  Cu^"'’  5=1/2  magnetic  moments  order  in 
3D,  below  Tf^-26Q  K,  along  the  [110]  crystal  direction, 
without  the  out-of-plane  canting  observed  instead  in 
La2Cu04  and  related  to  the  tetragonal  to  orthorombic  transi¬ 
tion.  Therefore,  Sr2Cu02Cl2  appears  to  be  a  good  prototype 
of  a  2D  5  =  1/2  Heisenberg  system. 

A  previous  ^^Cl  nuclear-magnetic-resonance  (NMR) 
study  in  powder  sample'*  revealed  a  divergence  of  the  nuclear 
spin-lattice  relaxation  rate  (NSLR)  with  a  sharp,  magnetic- 
field-independent  peak  occurring  at  r=7’^=260±0.5  K  for 
T—yT^.  The  critical  behavior  of  the  NSLR  was  interpreted  in 
terms  of  strongly  correlated  2D  Cu^^  spin  fluctuations.  In  the 
same  study  it  was  noted  that  the  full  width  at  half-intensity 
(FWHl)  of  the  ^^Cl  NMR  line  exibited  pretransitional  broad¬ 
ening.  The  important  message  of  the  broadening  is  that  it 
may  indicate  the  occurrence  of  a  nonzero  thermal  average  of 
the  Cu^^  moment  even  above  In  order  to  investigate  this 
effect  we  present  here  the  results  of  the  ^^Cl  NMR  spectra  as 
a  function  of  the  temperature  in  a  single  crystal. 

II.  EXPERIMENT 

The  single  crystal  consisted  is  a  thin  slab  about  1  mm 
thick  and  5X10  mm’  wide  with  the  c  axis  perpendicular  to 
the  plane  of  the  slab.  Some  measurements  were  performed 
on  a  stack  of  about  ten  small  slabs  in  order  to  increase  the 
signal-to-noise  ratio.  At  the  temperatures  where  strong  an- 


'’Aiso  at'  Ames  Laboratory  and  Department  of  Physics  and  Astronomy, 
Iowa  State  University,  Ames,  lA. 


isotropy  of  the  line  is  present  the  measurements  in  the  stack 
were  found  to  be  affected  by  misalignment  effects. 

The  7=3/2,  ^^Cl  NMR  measurements  were  carried  out 
with  a  Fourier  transform  (FT)  pulse  spectrometer  at  two  val¬ 
ues  of  the  external  magnetic  field:  5.9  and  2.3  T.  The  sym¬ 
metry  of  the  electric-field  gradient  tensor  at  the  Cl  site  is 
axial  with  the  principal  axis  in  the  c  direction.  In  this  case 
one  expects  a  central  line  transition  (+l/2«-*-l/2)  and  sym¬ 
metric  satellite  transitions  (±3/2«-*±l/2)  displaced  in  fre¬ 
quency  by  an  amount  which  depends  upon  the  angle  between 
Hq  and  c. 

Due  to  the  small  signal-to-noise  ratio  in  the  single  crys¬ 
tal,  the  satellite  lines  could  not  be  clearly  detected.  However, 
an  estimate  of  pg=50.5  MHz  was  inferred  from  the  second- 
order  shift  of  the  central  line.  The  measurements  of  the  mag¬ 
netic  effects  were  performed  on  the  central  line  transition 
only,  for  the  two  orientations  Ho||c  and  Hgic  for  which  the 
.satellite  lines  are  shifted  by  an  amount  greater  than  the  line- 
width.  The  NMR  spectra  were  obtained  by  FT  of  half  of  the 
echo  signal  following  a  two-pulse  sequence  (pulse  width 
around  5-6  ps).  For  the  wider  lines  the  spectrum  was  ob¬ 
tained  by  the  frequency-swept  echo  intensity  method.  A  few 
preliminary  measurements  of  spin-lattice  relaxation  rate 
(NSLR)  were  performed  by  saturating  the  central  line  with  a 
radio-frequency  pulse  sequence  as  described  previously.'* 

III.  RESULTS 

The  3D  Neel  temperature  v;as  estimated  from  the  peak 
in  the  ^*C1  NSRL  shown  in  Fig.  1.  Since  the  signal  in  the 
single  crystal  had  an  insufficient  signal-to-noise  ratio  for  re¬ 
liable  systematic  relaxation  measurements,  particularly  at 
low  field  T/q,  the  measurements  were  carried  out  in  the  stack 
of  single  crystals.  The  NSLR  is  close  to  the  values  in  the 
powder  sample"*  with  a  maximum  at  a  slightly  higher  tem¬ 
perature  (Tfj=26Q±0.5  K  for  the  powder,  Tfj=265±3  K  for 
the  stack  of  single  crystals).  No  difference  in  the  NSLR  is 
detected  within  experimental  error  for  the  two  magnetic-field 
orientations  and  for  the  two  values  tt  77 j.  A  more  precise 
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FIG.  1.  ''Cl  nuclear  spin  lattice  relaxation  rate  2VV  as  a  function  of  tem¬ 
perature  for  a  stack  of  single  crystals,  at  Hq==5.9  T,  for  Hollc  and  Hole.  The 
solid  line  reports  the  behavior  of  211''  observed  in  the  powder  sample  (Ref. 
4),  with  Tn  indicated  by  the  arrow.  An  analogous  behavior  of  the  IF  vs  T 
was  observed  at  Ho=2.3  T  (data  not  reported). 


Study  of  the  critical  spin  dynamics  through  NSLR  measure¬ 
ments  has  to  wait  for  the  availability  of  a  larger  single  crys¬ 
tal. 

The  data  for  the  linewidth  as  a  function  of  temperature, 
magnetic-field  intensity,  and  orientation  of  the  crystalline  c 
axis  with  respect  to  the  external  magnetic  field  are  shown  in 
Figs.  2  and  3.  The  remarkable  result  here  is  represented  by 
the  onset  of  a  strongly  anisotropic  inhomogeneous  broaden¬ 
ing,  for  both  field  values,  starting  at  7''»320  K.  It  is  noted 
that  for  Hollc  there  is  only  a  small  broadening  while  for  Hole 
the  broadening  below  Ty  exceeds  150  kHz.  For  T<  T,^  the 
signal-to-noise  ratio  becomes  too  small  to  allow  for  reliable 
linewidth  measurements.  It  should  be  stressed  that  for  both 
orientations,  no  average  shift  of  the  ceiter  of  the  line  with 
respect  to  the  ^*C1  Larmor  frequency  could  be  evidenced. 


IV.  DISCUSSION 

Let  us  first  analyze  the  data  in  the  3D  ordered  phase 
below  .  The  lack  of  a  detectable  shift  combined  with  the 
strongly  anisotropic  broadening  is  an  unusual  occurrence  in  a 
magnetically  ordered  single  crystal.  However,  in  the  present 
case  it  is  consistent  with  a  dominant  ^^Cl-Cu"^  nuclear- 
electron  dipolar  interaction  and  with  the  reported  magnetic 
AF  lattice  structure  with  the  Tu^"*  magnetic  moment  along 
the  equivalent  [110]  directions.^  The  dipolar  local  field  due 
to  a  moment  fi  at  position  r  with  respect  to  a  nucleus  at  the 
origin  is 


T  (  K  1 


FIG.  2.  ’^Cl  NMR  linewidth  (full  width  at  half-intensity)  as  a  function  of 
temperature  for  Ho||c  and  HqIc  at  |Hn|=2.3  T.  (The  solid  lines  arc  guides  for 
the  eye.)  The  dashed  line  indicates  the  Neel  temperature  as  derived  from  the 
NSLR  (Fig.  1).  In  the  m,sct  the  angular  dependence  of  Apwin  al  r=300  K  is 
reported  (the  solid  line  is  the  function  A=8-l-9  sin  kHz,  tt>  being  the  angle 
between  c  and  Ho). 


^  H  3()ur)r 
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Thus,  for  Hje,  the  contribution  of  the  Cu^”^  nearest-neighbor 
magnetic  moment  at  a  given  apical  Cl  site  has  a  zero  projec¬ 
tion  along  the  quantization  axis  H.  On  the  contrary,  for 
H()lc,  the  projection  of  the  dipolar  field  yields 
/r^=  (/z/r^)cos  a  where  a  is  the  angle  between  fi  and  H.  For 
fixed  a,b  axis  there  are  two  possible  magnetic  domains  and 
four  possible  angles  a  yielding  four  lines  symmetrically 
shifted  with  respect  to  the  Larmor  frequency.  Since  our 
single  slab  might  have  more  than  one  orientation  with  differ¬ 
ent  (ab)  directions  the  superposition  of  several  four-line 
spectra  are  expected  to  give  rise  to  an  unresolved  broadening 
without  average  shift.  The  dipolar  field  at  the  Cl  site  due  to 
the  dominant  first  Cu"^  neighbor  contribution  is  133  G  for 
/i=0.34/zb  and  is  directed  perpendicular  to  the  c  axis.  The 
complete  dipolar  sum  evaluated  for  the  AF  arrangement  de¬ 
scribed  above  yields  a  value  of  115  0,“*  with  a  direction  still 
perpendicular  to  the  c  axis.  Thus,  in  the  presence  of  AF  order 
and  considering  only  dipolar  local  fields  one  expects  a  broad¬ 
ening  which  depends  on  the  angle  (p  between  H  and  c  as 

A//(^)  =  A//||  +  C|sin  (/.|,  (2) 


J.  Appl.  P.hys.,  Vol  75,  No.  10, 15  May  1994 


Cortiefa/.  7147 


FIG.  3.  ’’Cl  NNIR  Imcwidlh  for  (a)  HqXc  and  (b)  Hjc  as  a  function  of 
temperature  for  two  values  of  |Ho|.  The  dashed  line  indicates  the  Neel  tem¬ 
perature.  Typical  error  bars  arc  indicated. 

where  A//||  is  the  NMR  linewidth  for  Ho||c  and  C 
is  the  rms  value  of  the  distribution  of  the  dipo¬ 
lar  field  component  along  the  quantization  axis  Hq  due  to  the 
distribution  of  angles  a. 

The  above  considerations  allow  one  to  interpret  the  most 
striking  result  of  the  present  study,  i.e.,  the  large  anisotropic 
broadening  of  the  NMR  line  above  .  In  fact,  if  the  system 
were  paramagnetic  above  7"^,,  one  would  expect  a  paramag¬ 
netic  shift  of  the  center  of  the  NMR  line  of  the  order  of 
magnitude  of  the  broadening  or  more.  Furthermore  the  dipo¬ 
lar  shift  due  to  the  first  Cu^^  neighbor  should  be  larger  for 
HqIIc  and  of  opposite  sign  than  the  one  for  Hole  [see  Eq. 
(1)].  Thus,  the  only  plausible  explanation  for  the  broadening 
without  shift  occurring  above  Tf/ is  the  onset  at  T ^320  K  of 
a  static  2D  order  characterized  by  a  local  spontaneous  mo¬ 
ment  lying  in  the  a-b  plane.  In  this  case  the  local 

field  at  the  ^^Cl  site  could  be  similar  to  the  one  predicted 
above  for  the  AF  3D  ordering  since  it  is  largely  dominated 
by  the  first  next-nearest-neighbor  contribution.  In  fact,  the 
rotation  pattern  for  the  linewidth  at  1=300  K>7’^  shown  in 
the  inset  of  Fig.  2  can  be  fitted  with  the  behavior  of  Eq.  (2). 


For  7’= 300  K  one  finds  A7/|]=8  kHz  and  C~9  kHz.  The 
value  of  the  intrinsic  linewidth  can  be  estimated  from  the 
linear  extrapolation  at  Hq=0  of  the  linewidth  at  any  tempera¬ 
ture  and  for  both  orientations.  The  value  so  found  is 
A7/°=4±l  kHz.  The  experimental  value  of  A//j|  is  tempera¬ 
ture  dependent  and  larger  then  the  intrinsic  width  A//®  for 
7’<350  K  (see  Fig.  2).  The  difference  is  too  large  to  be  due 
to  misalignment  effects.  Thus,  we  conclude  that  the  broaden¬ 
ing  for  Ho||c  is  due  to  the  dipolar  field  of  more  distant  Cu^^ 
moments  not  included  in  the  simple  model  discussed  above. 
The  critical  increase  of  the  linewidth  indicates  that  (ft)  in¬ 
creases  rapidly  as  the  3D  ordering  temperature  Tf/  is  ap¬ 
proached  from  above.  While  the  anisotropy  of  the  broaden¬ 
ing  can  be  explained  in  terms  of  the  different  effect  of  the 
dipolar  fields  for  Holjc  and  H{}ic  (as  discussed  above  for 
T<Tf/)  the  size  of  the  constant  C  in  Eq.  (2)  ic  lOO  large  to  be 
explained  only  by  the  direct  dipolar  field  at  the  Cl  site  and 
one  should  invoke  a  contribution  due  to  nuclear-electron 
pseudodipolar  interaction.  Furthermore,  the  practically  linear 
field  dependence  (see  Figs.  2  and  3)  of  the  broadening  above 
Tf/  indicates  that  the  static  2D  effects  are  unconventional.  It 
is  noted  that  the  field-dependent  broadening  cannot  be  due  to 
the  demagnetization  effects  which  are  negligible  here,  nor  to 
random  paiamagnetic  impurities  which  whould  not  give  rise 
to  anisotropy.  Also,  the  quadrupole  broadening  would  have 
the  opposite  field  dependence. 

One  is  led  to  the  tentative  conclusion  that  there  is  a 
spontaneous  average  local  moment  (/i)  lying  in  the  a-b 
plane,  which  arises  above  Tf/  and  it  is  both  temperature  and 
field  dependent.  On  the  other  hand,  the  fact  that  the  NSLR 
still  has  a  peak  at  as  in  the  powder  sample  indicates  that 
the  thermodynamic  slowing  down  of  the  Cu^"^  spin  fluctua¬ 
tions  is  driven  by  the  3D  transition.  It  should  be  pointed  out 
that  in  the  previous  susceptibility  measurements"  a  distinct 
slope  discontinuity  was  seen  in  ;^|  at  1=310  K  and  it  was 
ascribed  to  the  onset  of  3D  order  at  T^,  arguing  that  the 
value  higher  than  Tf/=251  K  found  by  neutron  scattering 
was  due  to  the  different  sample  employed.  In  the  light  of  the 
present  measurements  it  is  conceivable  that  the  effect  ob¬ 
served  at  310  K  on  the  susceptibility  is  due  to  the  onset  of 
local  2D  order  as  described  here. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  CNR  of  Italy  in  the  frame¬ 
work  of  the  “Progetto  Finalizz.3to  Tecnologie  Supercondut- 
tive  e  Criogeniche”  and  by  INFN  (Istituto  Nazionale  di  Fi- 
sica  Nucleate)  under  Project  No.  PV-MSC. 

‘  L,  L.  Miller,  X.  L.  Wang,  S.  X.  Wang,  C.  Stassis,  D.  C.  Johnston,  J.  Faber, 

Jr,  and  C.  K.  Loong,  Phys.  Rev.  B  41,  1921  (1990). 

‘D.  Vaknin,  S.  K.  Sinha,  C.  Stassis,  L  L.  Miller,  and  D.  C.  Johnston,  Phys. 

Rev.  B  «,  1926  (1990). 

^L.  P.  Le,  G.  M.  Luke,  B.  J.  Sternheb,  Y.  J.  Uemura,  J.  H.  Brewer,  T.  M. 

Riseman,  D.  C.  Johnston,  and  L.  L,  Miller,  Phys.  Pev.  B  42,  2182  (1990). 
■'F.  Borsa,  M.  Corti,  T.  Goto,  A.  Rigamonti,  D.  C.  Johnston,  and  F.  C  Chou, 

Phys.  Rev.  B  45,  5756  (1992). 


7148  J.  Appl.  Phys..  Vol.  75,  No.  10,  15  May  1994 


Corti  et  ai. 


Effects  of  Co  and  Y  substitution  on  magnetic  properties  of  CeFe2 
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CeFe2  orders  ferromagnetically  (FM)  below  7^=227  K;  however,  this  FM  state  is  inherently 
unstable  and  partial  substitution  of  Fe  by  Co  precipitates  the  instability  of  FM  state  and  a 
ferromagnetic  to  antiferromagnetic  (AFM)  phase  transition  is  observed  at  lower  temperature.  This 
second  phase  transition  is  a  first-order  phase  transition.  The  dependence  of  Tc  and  Tf/  on  the 
concentration  ofCoX  for  Ce(Fej  _;j.Co;f)2  is  presented.  For  Ce(Feo.gCoo2)2.  the  FM  transition  is  at 
7’c=160  K,  and  the  AFM  transition  is  at  7';^= 76  K.  The  entropy  change  associated  with  the  FM  to 
AFM  phase  transition  has  been  determined  from  magnetization  measurements  and  found  to  be 
primarily  associated  with  a  change  in  the  electronic  density  of  states  at  .  If  one  starts  with 
Ce(Feo.8Coo2)2  and  partially  substitutes  Ce  by  Y,  it  is  found  that  gradually  decreases  with  Y 
concentration;  and  for  Y  concentration  greater  than  10%,  the  AFM  phase  disappears  and  FM  phase 
is  fully  restored.  The  dependence  of  and  Tf/  on  the  concentration  of  Y  Z  is  presented  for 
Cei_2Y2(Feo8Coo2)2-  I*  is  suggested  that  the  second  transition  (FM  to  AFM)  is  a  result  of  the 
competition  between  exchange  energy  and  magnetic  anisotropy  energy.  The  measurements  of 
magnetization,  ac  susceptibility,  resistivity,  and  thermal  expansitivity  are  presented. 


CeFe2  is  a  ferromagnet  that  exhibits  some  anomalous 
magnetic  properties  such  as  a  much  lower  Curie  temperature 
(7’c=227  K)  and  a  much  lower  magnetic  moment  per  Fe 
atom  (l.lS/tfl)  than  other  compounds  in  the  RFe2  series  (R 
denotes  rare  earth).'  A  number  of  investigations^*'*  suggests 
that  the  anomalous  magnetic  properties  of  CeFe2  may  be  due 
to  some  transfer  of  the  Ce4/  electrons  to  the  Fe3d  band. 
This  suggestion  is  supported  by  experimental  data  of  elec¬ 
tronic  specific  heat  coefficients,  which  are  53  mJ  K“^  mol”' 
for  CeFe2,^  and  21  mJ  K~^  mol”'  for  CeCo2.^ 

The  ferromagnetic  state  of  CeFe2  is  inherently  unstable. 
A  small  partial  substitution  of  Fe  by  other  elements  such  as 
Co,  Al,  and  Ru  precipitates  the  instability  of  ferromagnetic 
state  and  a  ferromagnetic  (FM)  to  antiferromagnetic  (AFM) 
phase  transition  is  observed  at  the  temperature  Tyy,  lower 
than  This  second  phase  transition  is  a  first-order 

phase  transition  in  case  of  Ce(Fei_;fCo;^)2.’  The  magnetic 
ordering  of  Ce(Fei  -a'Co;j’)2  has  been  determined  by 
Kennedy  et  al}^  using  neutron  diffraction.  The  ac  suscepti¬ 
bility  results  by  Roy  and  Coles"  show  that  the  Tc  moves  up 
but  is  suppressed  with  the  increase  in  Y  concentration  in 
Cei_2Y2(Fei_;j-Al;j-)2.  They  found  that  Tc  increased  to  235 
K  with  Z= 0.1  and  went  up  further  to  252  K  for  Z= 0.15  in 
the  case  of  ^=0.035.  The  low-temperature  transition  is  no 
longer  present  for  Y  greater  than  0.15. 

According  to  the  x-ray-diffraction  studies  by  Nishihara, 
Tokumoto,  and  Yamaguchi,'^  there  is  a  small  volume  change 
of  0.05%  at  Tf]  for  the  Ce(Fe|_^Al^)2  system.  Kennedy 
et  al.^^  also  reported  a  0.05%  cell  volume  change  nt  Tf]  in 
the  Ce(Fei_^Co;j-)2  system.  The  0.05%  volume  change  is  too 
small  to  apply  an  exchange-inversion  model  to  explain  the 
FM-AFM  transition  observed  here. 

In  this  article  we  present  the  effect  of  partial  substitution 
of  Fe  by  Co  and  Ce  by  Y  on  magnetic  properties  of  the 
CeFe2.  Two  magnetic  phase  diagrams  are  presented  for  the 
Ce(Fei_^Co;t-)2  and  for  the  Cei_2Y2(Feo8Coo2)2-  The  en¬ 
tropy  change  at  the  FM-AFM  transition  is  determined  for 
Ce(Feo8Coo2)2  as  a  function  of  temperature.  Some  specific 


measurements  presented  here  include  magnetization,  ac  sus¬ 
ceptibility,  resistivity,  and  thermal  expansion  for  the 
^(f'^o.gT^Oo  2)2  • 

The  sample  preparation  and  experimental  details  are  de¬ 
scribed  in  Refs.  7  and  13. 

The  magnetization  M  and  ac  susceptibility  x»c  as  a  func¬ 
tion  of  temperature  for  Ce(Feo8Coo.2)2  are  presented  in  Figs. 
1(a)  and  1(b),  respectively.  It  is  evident  that  partial  substitu¬ 
tion  of  Fe  by  Co  causes  a  sharp  transition  from  FM  to  AFM. 
The  temperature  dependence  of  the  electrical  resistivity  [Fig. 
1(c)]  also  clearly  shows  this  magnetic  transition.  A  signifi¬ 
cant  slope  change  in  the  resistivity  at  162  K  is  identified  as 
being  due  to  a  paramagnetic  (PM)-FM  transition  which  oc¬ 
curs  at  160  K  in  the  magnetization  measurement.  The  abrupt 
rise  of  the  resistivity  at  75  K  corresponds  to  FM-AFM  tran- 


T  (K)  T  (K) 


FIG.  1.  (a)  Magnelization  M  in  an  applied  magnetic  field  of  100  G,  (b)  ac 
susceptibility  Xk<  (c)  normalized  electric  resistivity,  p(T)lp{l0  K),  and  (d) 
relative  thermal  expansitivity  Ai/L  as  a  function  of  temperature  T  for 
Ce(Feo8CO|,2)2.  The  insert  of  (d)  shows  the  slope  of  MIL  around  160  K. 
The  arrows  indicate  the  Tc  and  Tf/ . 
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Measurements  of  the  thermal  expansion,  ultrasonic  wave  velocity,  and  ultrasonic  attenuation  are 
reported  for  very  dilute  Cr-Mn  alloy  single  crystals.  The  threshold  Mn  concentration  needed  to  drive 
the  first-order  antiferroraagnetic  transition  in  Cr  to  second  order  is  found  to  be  smaller  than  0.05 
at.  %  Mn.  This  result  is  discussed  in  terms  of  recent  theories.  The  critical  behavior  of  the  sound 
velocity  and  ultrasonic  attenuation  of  Cr+0.1  at.  %  Mn  is  well  described  by  a  power  law  near 
but  not  for  the  thennal  expansion. 


I.  INTRODUCTION 

Pure  Cr  condenses  into  an  incommensurate  I  spin  den¬ 
sity  wave  (SDW)  antiferromagnetic  state  below  the  Neel 
temperature  Tg.  The  magnetic  transition  is  weakly  first  or¬ 
der,  showing  a  small  discontinuity  in  the  thermal 
expansivity*  and  neutron-diffraction  intensity^  at  T/yr.  Both 
the  magnetic  structure  and  the  first-order  nature  of  the  phase 
transition  at  of  pure  Cr  can  be  significantly  altered 
through  the  addition  of  impurities  (e.g.,  V  or  Mn),  even  for 
very  small  additions.  Fishman  and  Liu^  recently  addressed 
theoretically  the  problem  of  the  effects  of  impurities  on  the 
order  of  the  phase  transition  at  for  pure  Cr.  The  first-order 
nature  of  the  transition  is  caused  by  a  charge  density  wave 
(CDW)  induced  by  the  Coulomb  interaction  between  two- 
hole  Fermi  surface  sheets  of  pure  Cr.  Scattering  by  impuri¬ 
ties  suppresses  the  CDW  and  drives  the  transition  to  second 
order.  As  the  first-order  transition  in  pure  Cr  is  weak,  Fish¬ 
man  and  Liu^  showed  that  only  a  very  small  impurity  con¬ 
centration  is  needed  to  accomplish  this.  They  found  that  a 
threshold  concentration  c,  exists  which  separates  the  regions 
of  first-  and  second-order  phase  transitions  on  the  T-c  mag¬ 
netic  phase  diagram. 

For  Cr-V  alloys,  which  remain  in  the  ISDW  phase  up  to 
about  4  at.  %  V  where  antifenomagnetism  disappears,"*  Fish¬ 
man  and  Liu^  calculated  a  value  c,=0.15  at.  %  V,  which 
corresponds  well  with  experimental  results.  Tlie  addition  of 
Mn  to  Cr  drives  the  ISDW  state  of  pure  Cr  to  a  commensu¬ 
rate  C  SDW  state,  and  from  theory^  a  lower  c,  value  is 
expected  for  such  a  sy'"em  than  for  Cr-V.  An  experimental 
study  of  c,  for  Cr-Mn  alK  s  has,  however,  not  been  done  yet. 
In  order  to  investigate  thi  phenomenon  in  the  Cr-Mn  sys¬ 
tem,  we  conducted  thermal-expansion  (Ai/L)  measure¬ 
ments  on  two  Cr-Mn  alloy  single  crystals  containing  0.05 
and  0.1  at.  %  Mn,  respectively.  This  experimental  parameter 
is  a  sensitive  probe*  in  studying  the  order  of  the  transition  at 
Tfi  for  Cr  and  its  dilute  alloys.  We  also  report  on  an  ultra¬ 
sonic  study  of  the  Cr+0.1  at.  %  Mn  crystal  near  T^. 

II.  EXPERIMENT 

Single  crystals  of  pure  Cr  and  Ci;-Mn  alloys  containing 
nominal  concentrations  of  0.05  and  0.1  at.  %  Mn  were  grown 
by  a  fioating-zone  technique  using  rf  heating  in  a  pure  Ar 
atmosphere.  A  bar  of  the  alloy,  roughly  cylindrical  in  form, 


about  10  cm  in  length  and  between  7  and  10  mm  in  diameter, 
was  first  prepared  by  rf  melting  in  a  horizontal  cold  crucible. 
To  ensure  homogeneity  of  the  bar,  it  was  prepared  from 
seven  separate  smaller  alloy  ingots  with  a  mass  of  about  8  g 
each  and  each  prepared  by  arc  melting  in  a  purified  Ar  atmo¬ 
sphere.  In  the  arc-melting  process  of  the  ingots,  each  was 
remelted  five  times,  turning  it  upside  down  between  melts, 
then  taken  out  of  the  arc  furnace  and  crushed  to  small  pieces. 
It  was  then  remelted  five  times,  again  turning  it  upside  down 
between  melts.  The  crushing  and  remeding  procedures  were 
repeated  three  times  for  each  ingot  in  order  to  get  the  homo¬ 
geneity  as  good  as  possible  for  the  prepared  alloy  bar.  The 
bar  was  then  grown  to  a  single  crystal  of  length  about  5  cm 
and  diameter  about  6  mm  by  the  floating-zone  technique 
with  the  bar  in  a  vertical  position.  For  the  concentrations 
considered,  Mn  forms  solid  solutions  in  Cr.  The  starting  ma¬ 
terials  were  99.996%  pure  Cr  and  99.99%  pure  Mn.  The 
homogeneity  of  the  alloys  was  checked  through  electron  mi¬ 
croprobe  analyses  at  different  points  on  the  samples  (50  mea¬ 
surements  done  in  total).  Due  to  the  very  low  impurity  con¬ 
tent  the  experimental  error  in  obtaining  absolute 
concentrations  was  relatively  large,  resulting  in  an  error  of 
observation  of  about  20%  in  the  Mn  concentration  deter¬ 
mined  at  each  point.  We  were,  nevertheless,  able  to  verify 
that  the  alloys  are  homogeneous  to  within  this  error  of  ob¬ 
servation,  but  could  not  tell  whether  tb«  homogeneity  was  in 
fact  even  better  than  this.  From  previous  experience  on  Cr-Si 
single®  crystals  (containing  up  to  3  at.  %  Si)  that  we  prepared 
in  a  similar  manner  as  that  above,  we  indeed  expect  the 
homogeneity  of  the  two  Cr-Mn  crystals  to  be  better  than  the 
above-quoted  error  of  observation.  The  Si  content  in  the 
Cr-Si  crystals  was  large  enough  to  allow  for  accurate  con¬ 
centration  determination  and  they  were  found  to  be  homoge¬ 
neous  to  within  5%. 

Thermal  expansion  (AL/L)  of  the  Cr-Mn  crystals  was 
measured  relative  to  a  Cr+5  at.  %  V  sample  using  a  strain 
gauge  technique,  while  a  standard  pulse-overlap  technique 
was  used  to  obtain  longitudinal  ultrasonic  wave  velocities  Vi 
and  ultrasonic  attenuation  coefficients  y.  The  Cr+5  at.  %  V 
alloy  remains  paramagnetic  at  all  temperatures  and  serves  to 
simulate  the  nonmagnetic  component  of  the  thermal  expan¬ 
sion  of  the  Cr-Mn  alloy  single  crystals,  that  is, 

(  AL/Z,)nieasured~  (^^/^)cr-V~  (^^/■^)saniple  • 
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FIG.  1.  The  temperature  dependence  of  the  thermal  expansion  (A/./i)s,„pit 
near  the  Neel  transition  for  (a)  pure  Cr,  (b)  Cr+0,05  at.  %  Mn,  and  (c) 
Cr+0.1  at.  %  Mn  along  [100].  The  dots  in  curves  (b)  and  (c)  represent  the 
measured  points.  In  the  case  of  pure  Cr  [curve  (a)],  measurements  were 
recorded  at  0.03  K  temperature  intervals  near  Tjy .  All  the  points  are  not 
plotted  for  the  sake  of  clarity. 

The  AL/I  measurements  were  conducted  along  [100]  and  Vi 
and  y  were  measured  for  10  MHz  ultrasonic  waves  propa¬ 
gating  along  [100].  The  experimental  error  in  the  absolute 
AL/i  values  amounts  to  about  5%  while  changes  in  AL/Z,  of 
3X10"’  could  be  detected.  Changes  in  Vi  of  1  in  lO’  could 
be  detected. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  ISDW-P  transition  at  Tf^  observed  in 
the  temperature  dependence  of  (AZ/L)sjmpie  for  *he  Cr,  Cr 
+0.05  at.  %  Mn,  and  Cr+0.1  at.  %  Mn  alloy  single  crystals. 
The  Tf!  values,  marked  in  Fig.  1,  were  taken  at  the  minimum 
points  in  the  a{J)  curves,  shown  in  Fig.  2.  The  ISDW-P 
transition  shown  in  Fig.  1(a)  for  the  pure  Cr  crystal  occurs 
within  a  temperature  range  of  approximately  0.3  K,  which 
compares  very  favorably  with  that  of  3  K  observed  by  Faw¬ 
cett  et  al}  in  Ai/L  measurements.  This  indicates  that  our  Cr 
crystal  is  of  very  good  quality.  The  transition  in  pure  Cr  is 
furthermore  characterized  by  an  almost  jumplike  discontinu¬ 
ity,  which  is  indicative  of  the  transition’s  weak  first-order 
nature.  Ai/L  data  around  Tn  were  recorded  for  pure  Cr  at 
temperature  intervals  of  approximately  0.03  K  during  both 


T(K) 


FIG.  2.  Temperature  dependence  of  the  thermal-expansion  coefficient  a 
near  the  Neel  transition  for  pure  Cr  (solid  line),  Cr+0.05  at.  %  Mn  (dashed 
line),  and  Cr+0.1  at.  %  Mn  (dashed-dotted  line). 
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FIG.  3.  Temperature  dependence  of  (a)  the  longitudinal  sound  velocity  Vi  ] 
and  (b)  the  ultrasonic  attenuation  coefficient  y  near  the  Neel  transition  for 
Cr+0.1  at.  %  Mn.  Wave  propagation  was  along  [100]. 


cooling  and  heating  runs.  Hysteresis  effects  of  the  order  of 
0.02  K  in  temperature,  which  is  of  the  same  order  as  the^ 
experimental  error,  were  observed  in  the  Neel  transition  for 
pure  Cr.  Curves  (b)  and  (c)  in  Fig.  1  show  that  the  transitions 
at  Tjv  for  the  Cr+0.05  at.  %  Mn  and  Cr+0.1  at.  %  Mn  crys¬ 
tals  are  continuous  which  is  indicative  of  a  second-order 
transition.  One  may  reason  that  the  continuous  transitions  in 
these  crystals  are  the  result  of  sample  inhomogeneities.  The  ■ 
observed  width  of  the  transitions,  however,  cannot  be  ex-' 
plained  by  sample  inhomogeneities.  As  previously  discussed, 
our  crystals  are  expected  to  be  homogeneous  to  better  than 
20%.  The  addition  of  0.1  at.  %  Mn  increases  T/,,  of  Cr  by 
about  1  K  (see  the  T f/  values  below).  If  the  transition  in 
a  perfectly  homogeneous  Cr+0.1  at.  %  Mn  crystal  was  dis- 
continuously  first  order,  one  therefore  expects  that  variations 
as  large  as  20%  in  the  Mn  concentration  throughout  the  vol¬ 
ume  of  our  Cr+0.1  at.  %  Mn  crystal  should  result  in  broad¬ 
ening  of  the  transition  of  about  0.2  K,  which  is  smaller  than 
the  observed  width  of  2.3  K.  The  width  of  the  transition  was 
taken  between  the  temperatures  where  the  experimental  AZ/ 
L-T  points  start  to  deviate  from  the  roughly  linear  tempera¬ 
ture  behavior  above  and  below  the  transition  region.  The 
width  of  2.3  K  on  the  AZ/Z-  T  curve  of  Fig.  1  for  Cr+0.1 
at.  %  Mn  compares  well  with  the  width  of  about  3  K  ob¬ 
served  on  the  y~T  curve  of  Fig.  3(b).  For  comparison  the 
width  of  the  transition  for  pure  Cr  in  Fig.  1  is  about  0.3  K. 
The  effect  of  the  addition  of  Mn  on  the  first-order  nature  of 
the  transition  at  for  pure  Cr  is  clearly  illustrated  in  the, 
0(7’)  curves  of  Fig.  2  which  display  the  Neel  transitions  for 
both  Cr+0.05  at.  %  Mn  and  Cr+0.1  at.  %  Mn  as  shallow 
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and  broad,  compared  to  that  of  pure  Cr.  We  obtain 
7’iv=(311.5±0.1)  K  for  pure  Cr,  r;v=(311.6±0.1)  K  for  Cr 
+0.05  at.  %  Mn,  and  ry,=(312.5±0.2)  K  for  Cr+0.1  at.  % 
Mn.  The  value  7’jv=(312.5±0.2)  K  obtained  from  the  At/L 
measurements  for  Cr+0.1  at.  %  Mn  is  confirmed  by  the 
Vl(T)  and  y{T)  measurements  shown  in  Fig.  3. 

From  the  results  in  Figs.  1  and  2,  we  conclude  that  for  an 
impurity  concentration  as  small  as  0.05  at.  %  Mn  the  first- 
order  Neel  transition  at  T/y  for  pure  Cr  is  driven  to  a  second- 
order  one.  The  threshold  impurity  concentration  c,  for  Cr-Mn 
is  therefore  below  0.05  at.  %  Mn.  The  smaller  c,  value  for 
Mn  impurities  (c,<0.05  at.  %  Mn),  compared  to  that  for  V 
(c,*=0.15  at.  %  V),  is  expected  from  the  theoretical  analyses 
of  Fishman  and  Liu^  and  can  be  ascribed  to  two  effects  that 
influence  the  CDW.  These  effects  are  changes  in  commensu- 
rability  of  the  SDW  and  impurity  scattering  as  the  solute 
concentration  is  varied.  Doping  Cr  with  Mn  increases  the 
commensurability  (and  decreases  the  energy  mismatch  Zq)  of 
the  SDW,  while  V  doping  decreases  the  commensurability. 
As  Zo-+0,  Fishman  and  Liu^  find  that  the  CDW  vanishes  at 

and  the  transition  is  always  second  order.  With  Mn  dop¬ 
ing,  the  CDW  is  suppressed  both  by  decreasing  Zq  and  by 
impurity  sc-'ttering.  For  V  doping,  the  CDW  is  enhanced  by 
increasing  Zq  but  suppressed  by  impurity  scattering,  with  the 
last  effect  being  dominant.  Consequently,  the  threshold  im¬ 
purity  concentration  is  smaller  for  Mn  doping. 

The  observed  second-order  transition  in  the  Cr+0.1 
at.  %  Mn  crystal  allows  for  an  analysis  of  the  critu  '*1  behav¬ 
ior  near  Figure  3  shows  the  temperature  dependence  of 
Vi  and  yfor  this  crystal.  The  Vl(T)  curve  [Fig.  3(a) j  shows 
a  minimum  at  7’/y=312.5  K,  while  a  sharp  attenuation  peak  is 
observed  in  the  y{T)  curve  at  312.4  K  [Fig.  3(b)].  The  criti¬ 


cal  behavior  close  to  Tf/  for  y,  AL/L,  and  Au/ug.  where  Au 
is  the  magnetic  contribution  and  Vg  the  nonmagnetic  compo¬ 
nent  of  u,  determined  in  the  same  manner  as  previously,^  was 
assessed  for  Cr+0.1  at.  %  Mn  in  terms  of  a  power  law 
A\\  —  TITf^\~'’+B,  where  A  and  B  are  constants.  Plots  of 
ln(Av/vo-B)  and  ln(7-B)  vs  \vi\\—TITf]\  were  found  to  be 
straight  lines  within  temperaiuie  inter\'als,  just  below  and 
just  above  Tjy,  of  about  5  K  in  the  case  of  Avivg  and  1  K  in 
the  case  of  y.  The  values  of  r],  determined  from  the  gradients 
of  these  straight  lines,  are  riT<T^  -  0.13  and  J7r>r^ 
=  1.00  for  Au/ug  and  =  1.35  and  r7r>r^  =  3.00  for 
y.  Sato  and  Maki®  predicted  VT>Tif  =  0.5  in  the  case  of  yfor 
ISDW  antiferromagnets  and  no  divergence  at  for  Au/ug. 
This  does  not  compare  well  with  the  observed  values  for 
Cr+0.1  at.  %  Mn.  In  the  case  of  AL/L,  the  data  close  to  T/^ 
could  not  be  fitted  to  the  power  law. 

In  conclusion,  the  threshold  Mn  concentration  that  drives 
the  antiferromagnetic  transition  in  pure  Cr  to  second  order  is 
found  to  be  less  than  0.05  at.  %  Mn.  The  critical  behavior 
near  of  Av/vg  and  yfor  Cr+0.1  at.  %  Mn  is  successfully 
described  in  terms  of  a  power  lawA|l-r/r;v|“’+B.  This 
is,  however,  not  the  case  for  AL/L. 


'  E.  Fawcett,  R.  B.  Roberts,  R.  Day,  and  G.  K.  White,  Europhys.  Lett.  1, 
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Cr  is  an  antiferromagnet  with  a  Neel  temperature  of  311  K.  The  addition  of  impurities  will  alter  the 
antiferromaynetic  propc  iies  of  materials.  Studies  of  the  effect  of  magnetic  Gd  atoms  on  the  Cr-rich 
Cr;(.Gdi_^  alloys  are  reported.  The  metastable  Cr,Gd,_^  alloy  films  (1.005’a:5=0.96)  have  been 
prepared  by  the  rapid-quenching  method.  It  has  been  found  from  x-ray  diffraction  that  the  alloy 
films  with  1.005=a:  5:0.97  have  body-centered-cubic  structure,  the  same  as  Cr.  For  higher  Gd 
concentration,  the  alloy  film  contains  both  body-centered  cubic  and  amorphous  phases.  The 
variation  of  the  Neel  temperature  Tf/  as  well  as  the  spin-flip  temperature  Tp  of  metastable  Cr-Gd 
alloys  has  been  investigated  by  resistiviity  measurements  between  10  and  300  K.  It  has  been  found 
that  Tff  decreases  slowly  from  311  K  for  pure  Cr  to  about  290  K  for  Cro.97Gdoo3-  These  results  seem 
to  indicate  that  magnetic  Gd  atoms  show  little  effect  on  the  antiferromagnetism  of  Cr.  Furthermore, 
there  is  a  broad  resistivity  minimum  at  low  temperatures.  This  broad  minimum  occurs  at  higher 
temperature  as  Gd  concentration  is  increasing.  Thus,  it  suggests  that  a  different  mechanism  accounts 
for  this  resistivity  minimum.  A  detailed  discussion  is  reported. 


i.  INTRODUCTION 

Chromium  is  an  itinerant  antiferromagnet  whose  magne¬ 
tism  arises  from  some  of  the  conduction  electrons  which 
condense  through  an  exchange  interaction  to  form  a  static 
spin-density  wave  (SDW)  characterized  by  its  wave  vector  Q 
and  its  spin  polarization  S.  Its  Neel  temperature  is  312  K 
and  its  spin-flip  temperature  Tp  has  been  determined  to  be 
122  K.  Between  Tf/  and  If ,  the  SDW  has  transverse  polar¬ 
ization  (SlQ),  and  at  Tp  the  spins  rotate  through  90°  so  that 
the  SDW  is  longitudinally  polarized.' 

In  the  past  the  antiferromagnetic  properties  of  Cr  alloys 
containing  small  amounts  of  the  transition  metals  have  been 
investigated  extensively.^  The  results  show  that  there  is  a 
strong  and  systematic  dependence  on  the  number  of  d  elec¬ 


trons  of  the  impurity  element.  Elements  with  more  d  elec¬ 
trons  than  Cr  raise  T f/ ,  while  those  with  fewer  d  electrons 
depress  Tfj,  the  same  conclusion  as  with  Mn.^  It  is  also 
interesting  to  know  whether  the  magnetism  of  Cr  is  altered 
by  the  introduction  of  magnetic  Gd  impurities;  however, 
little  work  has  been  done  related  to  it.  This  is  because  Gd 
and  Cr  are  mutually  immiscible.  Previously,  one  of  the  au¬ 
thors  has  demonstrated  that  the  rapid-quenching  method  is 
very  useful  to  prepare  metastable  Gd-Cr  alloys.'*  In  this  mat¬ 
ter,  we  are  now  able  to  investigate  the  effect  of  Gd  atoms  on 
the  antiferromagnetism  of  Cr.  Thus,  we  expect  from  this 
work  to  provide  firmer  experimental  data  in  order  to  under¬ 
stand  the  theoretical  aspect  of  antiferromagnetic  coupling  in 
the  Cr  system. 
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FIG.  1.  Representative  x-ray-diffraction  patterns  of  metastabie  Cr^Odj.,  alloys  (lsx&0.96). 
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ii.  EXPERIMENT 

Hie  metastable  CrtCdi_,  alloy  films  (l^x&0.96)  were 
prepared  by  the  dc  magnetron  sputtering  method.  Kaptons 
were  used  as  the  substrates  which  were  cooled  by  liquid  N2 
during  sputtering.  The  thickness  of  films  was  estimated  to  be 
around  5  yum.  The  film  structures  were  determined  from 
powder-x-ray  dififaction  in  the  6-20  geometry. 

The  resistivity  of  alloy  films  has  been  determined  from 
10  to  320  K.  The  four-probe  method  was  used.  The  Neel 
temperature  and  spin-flip  temperature  Tp  were  deter¬ 
mined  from  resistivity  measurements.  It  has  been  shown  that 
there  are  anomalies  in  the  electrical  resistivity  of  Cr  around 
Tff  and  The  selection  of  T/y  and  Tp  are  taken  fi-om 
either  the  points  of  minimum  or  the  points  of  inflection. 

III.  RESULTS  AND  DISCUSSION 

In  Fig.  1  it  is  indicated  that  the  the  structure  of  the  alloys 
with  1.005=j:  2=0.97  is  a  single  body-centered  phase,  the  same 
as  with  pure  Cr.  For  the  alloys  with  higher  Gd  concentration, 
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FIG.  2.  Normalized  resistivity  of  metastable  Cr^Gd].,  alloys  (l&;irS0.96) 
between  10  and  320  K. 


an  amorphous  phase  appears  mixed  with  bcc  phase.  Thus, 
the  concentration  range  chosen  to  investigate  the  effect  on 
antiferromagnetism  is  between  1.00  and  0.96. 

The  normalized  resistivity  of  metastable  Cr^Odj.^,  is 
plotted  in  Fig.  2.  It  shows  that  the  resistivity  initially  de¬ 
creases  as  the  temperature  falls.  At  the  temperature  denoted 
Tff,  either  a  minimum  or  a  drastic  change  of  slope  is 
found.  With  further  decreasing  temperature,  a  broad  mini¬ 
mum  denoted  as  is  found.  For  pure  Cr,  the  value  of  Tf^ 
from  our  experimental  results  is  311  K,  which  is  identical  to 
the  Neel  temperature  of  Cr.  Therefore,  T^i  of  all  alloys  in  this 
work  can  be  ascribed  to  the  appearance  of  antiferromag¬ 
netism.  As  shown  in  Fig.  3,  the  Neel  temperature  of  Cr  alloys 
decreases  slowly  from  311  K  for  pure  Cr  to  286  K  for  3  at.  % 
Gd.  This  shift  rate  is  much  smaller  than  those  of  Cr  alloys 
with  other  transition  elements.'^  This  suggests  that  the  intro¬ 
duction  of  4/  electrons  has  little  effect  on  the  antiferromag¬ 
netism  of  Cr.  This  is  consistent  with  the  prediction  of  a  two- 
band  model.® 

Regarding  the  occurrence  of  T„^ ,  the  value  of  for 
pure  Cr  is  around  78  K  which  is  far  below  the  spin-filp 
temperature  of  Cr.  According  to  Meaden  and  Sze,®  a  step- 
type  change  should  be  found  around  T p .  This  is  not  true  in 
our  case.  Therefore,  the  occurrence  of  is  not  related  to 
the  phenomenon  of  spin-flip  transition.  Again  as  shown  in 
Fig.  3,  rises  rapidly  from  78  K  for  pure  Cr  to  182  K  for 
Cr(,97Gdoo3-  Due  to  the  small  variation  of  resistivity  in  the 
low-temperature  range,  it  is  difficult  to  locate  for 
Cro.96Gdo.o4,  but  a  higher  is  still  easily  observed.  We 
might  first  ascribe  to  the  unexpected  impurities  in  the 
sample;  but,  the  systematic  dependence  of  on  Gd  con¬ 
centration  excludes  this  possibility.  It  is  evident  that  the  ex¬ 
istence  of  Gd  is  crucial  to  the  occurrence  of  T„^  As  is 
known,  the  resistivity  of  Cr  is  very  sensitive  to  the  strain 
induced  in  the  sample.®  Our  samples  were  prepared  using  the 
quick-quenching  method  so  that  a  large  strain  is  expected  to 
be  induced  during  sample  preparation.  Furthermore,  due  to 
the  larger  size  ot  the  Gd  atom,  the  substitution  by  the  Gd 
atom  will  cause  lattice  mismatch;  this  will  also  create  strain. 


FIG.  3.  The  Neel  temperature  and  as  a  function  of  Gd  concentration. 
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The  process  to  clarify  this  possibility  by  using  strain-free 
sample  is  underway. 
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The  formation  of  two  new  materials,  Sm2Ni3Si5  and  Gd2Ni3Sis,  of  the  rare-earth  series  R2M3Si5  (R 
denotes  rare  earth  and  Y)  and  their  magnetic  and  transport  properties  are  reported  here.  These 
materials  crystallize  in  the  orthorhombic  U2Co3Si5-type  structure  (space  group  Ibam).  The  magnetic 
susceptibility  of  Gd2Ni3Si5  follows  a  Curie-Weiss  behavior  with  an  effective  magnetic  moment 

S. l/ifl/Gd  ion.  The  material  orders  antiferromagnetically  at  ''“IS  K.  The  magnetic  susceptibility  of 
Sm2Ni3Si5  exhibits  a  deviation  from  the  Curie-Weiss  behavior  which  is  attributed  to  the  low-lying 
excited  state  of  Sm^^  ions  and  also  to  crystal-field  effects.  This  material  also  orders 
antiferromagnetically,  but  at  '*=11  K.  This  value  of  the  ordering  temperature  does  not  seem  to  follow 
the  de  Gennes  scaling  with  respect  to  that  of  Gd2Ni3Si5. 


I.  INTRODUCTION 

Rare-earth  (R)  intermetallic  materials  have  been  of  inter¬ 
est  both  in  the  area  of  fundamental  physics  and  in  application 
areas.  Rare-earth-based  materials  have  interested  physicists 
because  of  the  localized  /-electron  core  and  the  related  sys- 
tematics  emerging  in  the  properties  of  the  rare-earth  series  of 
a  system.  The  well-known  example  is  the  lanthanide  contrac¬ 
tion  often  observed  in  the  lattice  parameters  of  isotypic  com¬ 
pounds  of  a  rare-earth  series.  However,  the  electronic  prop¬ 
erties  of  compounds  within  a  series  do  get  moJified  in  the 
presence  of  other  elements  and  deviations  occur  in  the  ex¬ 
pected  gradation  of  the  properties  with  respect  to  the  number 
of  /  electrons.  These  deviations  provide  us  the  means  t' 
study  the  physical  mechanisms  taking  place  in  these  materi¬ 
als  and  solids  in  general.  For  example,  Ce  compounds  tend 
to  exhibit  anomalous  phenomenon  due  to  hybridization  of 
the  4/  electronic  level  with  the  3d  electronic  level.  This 
results  in  the  phenomenon  of  heavy  fermion  behavior,  va¬ 
lence  fluctuation  (VF),  Kondo  effect,  etc.  The  effects  of  hy¬ 
bridization  can  also  modify  the  magnetic  interactions,  in 
view  of  this,  we  are  carrying  out  a  prcgraui  of  synthesis  and 
study  of  the  physical  properties  of  new  ra ;  -earth  intermetal¬ 
lic  compounds.  We  initiated  the  study  of  ihe  series  of  com¬ 
pounds  R2Ni3Si5.  In  an  earner  study,  wt  showed  the  VF 
behavior  of  Ce  and  Eu  in  Ce2Ni3Si5  (Ref.  1)  and  Eu2Ni3Si5,^ 
respectively.  The  formation  of  Ce2Ni3Si5,  Dy2Ni3Si5,  and 
Y2Ni3Si5  has  been  reported  in  the  literature.^  Here  we  report 
the  synthesis  of  the  two  new  compounds,  Gd2Ni3Si5  and 
Sm2Ni3Si5.,  and  the  preliminary  results  of  magnetic  suscep¬ 
tibility  and  resistivity  studies  on  them. 

II.  EXPERIMENT 

The  compounds  Gd2Ni3Si5  and  Sm2Ni3Si5  were  prepared 
by  the  standard  arc-melting  techninue  using  a  water-cooled 
copper  hearth  in  a  flowing  argon  atmosphere.  The  purity  of 
the  starting  materials  was  better  than  99.9%  for  Sm,  Gd,  and 


Ni  and  better  than  99.999%  for  Si.  Each  of  the  arc-melted 
buttons  was  wrapped  in  tantalum  full,  vacuum  sealed  in  a 
quartz  capsule,  and  annealed  at  1100  °C  for  1  day  and  at 
1000  ®C  for  7  days.  The  materials  were  characterized  at 
room  temperature  by  powder-x-ray-diffraction  using  Cu^fa 
radiation  in  a  commercial  x-ray  diffractometer  (Jeol,  Japan). 

Magnetic  susceptibility  studies  were  carried  out  using  a 
Faraday-type  susceptometer  (George  Associates,  U.S.A.). 
The  measurements  were  performed  over  the  temperature 
range  from  4.2  to  300  K  using  a  gas-flow-type  helium  cry¬ 
ostat.  The  temperature  was  measured  by  a  gold-Chromel 
thermocouple. 

Electrical  resistivity  studies  over  the  temperature  range 
4.2-300  K  were  carried  out  using  a  home-built  cryostat  and 
employing  the  standard  four  probe  dc  method.  Thin  silver 
wires  were  used  as  electrical  leads  and  contacts  to  the 
samples  were  made  using  conducting  silver  paint.  Commer¬ 
cial  units  were  used  in  the  electrical  measurements  (Keithley 
model  220  lor  current  source  and  Keithley  model  184  nano- 
voltmeter).  In  order  to  eliminate  the  effects  of  thermo  emf, 
the  resistance  was  first  measured  when  the  current  was  pass¬ 
ing  in  one  direction,  then  it  was  measured  again  with  the 
current  passing  in  the  reverse  direction,  and  then  the  average 
of  these  two  readings  was  taken.  The  temperature  was  mea¬ 
sured  using  a  calibrated  silicon  diode. 

III.  RESULTS  AND  DISCUSSION 
A.  Structure 

The  room-temperature  powder-x-ray-diffraction  patterns 
(Fig.  1)  confirmed  the  formation  of  single-phase  materials  of 
Gd2Ni3Si5  and  Sm2Ni3Si5  in  the  orthorhombic  U2Co3Si5-type 
crystal  structure  (space  group  Ibam)  as  is  the  case  with  other 
known  materials  of  this  series  of  Ni  compounds.*"^  The  unit¬ 
cell  parameters  of  the  materials  were  determined  by  a  least- 
squares-fit  procedure  of  the  observed  set  of  d  spacing  for 
each  material.  I  he  resulting  parameters  were:  a =9.616  A, 
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FIG.  1.  Powder-x-ray-diffraction  pattern  for  Gd2Ni3Si5  and  SmjNijSis  at 
room  temperature. 

b=11.292  A,  c=5.705  A  for  SnizNigSis;  and  fl=9.560  A, 
6=11.197  A,  c=5.665  Afor  GdjNigSis.  It  is  pointed  out  that 
the  unit-cell  parameters  of  Sm2Ni3Sij  are  smaller  than  those 
of  Gd2Ni3Si5  as  it  should  be  on  the  basis  of  “lanthanide 
contraction,”  in  which  one  expects  the  unit  cell  to  contract  as 
the  number  of  /  electrons  increase  in  a  rare-earth  series  of 
compounds. 

B.  Magnetic  and  realativlty  maasuremanta 
1.  GdiNIsSIs 

The  dc  magnetic  susceptibility  result  of  Gd2Ni3Si5  as  a 
function  of  temperature  is  shown  in  Fig.  2.  The  material 
appears  to  order  magnetically,  r^^lS  K.  From  the  cusplike 
behavior  of  the  susceptibility  peak  we  infer  the  nature  of  the 
ordering  to  be  antiferromagnetic.  The  temperature  depen¬ 
dence  of  the  inverse  susceptibility  of  Gd2Ni3Si5  is  linear 
above  Tf/  (Fig.  2).  A  Curie- Weiss  fit  to  this  data  yielded  the 
magnetic  moment  per  Gd  ion  to  be  9.1  fig.  Generally,  it  is 
believed  that  in  materials  of  this  structure,  the  transition- 
metal  ion  does  not  carry  the  magnetic  moment.  In  such  a 
case,  the  entire  observed  moment  would  be  attributed  to  the 
Gd  ion.  The  moment  per  Gd  ion  in  this  case  is  slightly  higher 


Temperature  (K) 


FIG.  2.  dc  magnetic  susceptibility  and  its  reciprocal  for  the  compound 
GdjNijSis.  The  solid  line  is  a  fit  to  the  Curie- Weiss  formula.  The  expanded 
region  near  Tn  is  shown  in  the  inset. 


FIG.  3.  The  thermal  variation  of  resistance  (in  mft)  for  Gd2Ni3Si5. 

than  the  free-ion  value  of  Gd^"*^.  At  present  we  are  not  sure  if 
this  slightly  higher  value  is  due  to  any  small  impurity  phase 
or  due  to  intrinsic  effects  such  as  contribution  from  conduc¬ 
tion  electrons.  We  would  like  to  point  out  that  we  synthe¬ 
sized  and  measured  the  magnetic  susceptibility  of  Y2Ni3Si5 
also.  It  was  found  to  behave  in  a  Curie-Weiss  manner  with  a 
magnetic  moment  of  0.27/i.fl/formula  unit.’  Since  the  Y  ion  is 
not  expected  to  carry  any  magnetic  moment,  if  we  assume 
that  all  the  moment  belongs  to  Ni  and  not  to  any  impurity 
phase,  then  the  observed  moment  indicates  a  value  of 
O.lfi/ij/Ni  ion  in  Y2Ni3Si5. 

The  temperature  dependence  of  the  electrical  resistance 
of  Gd2Ni3Si5  is  shown  in  Fig.  3.  It  shows  a  typical  metallic 
behavior.  The  reduction  in  the  magnetic  scattering  of  elec¬ 
trons  below  the  magnetically  ordered  state  is  clearly  seen. 
The  transition  temperature  seen  here  is  consistent  with  that 
observed  through  magnetic  susceptibility. 

2.  SmgNIsSIs 

The  magnetic  susceptibility  of  Sm2Ni3Si5  is  shown  in 
Fig.  4  as  a  function  of  temperature.  An  antiferromagnetic 
transition  is  clearly  seen  at  « 11  K.  It  is  interesting  to  note 
that  the  well-known  de  Gennes  scaling  seems  to  be  breaking 
down  here.  The  de  Gennes  factor  for  Sm  with  respect  to  Gd 
is  0.28.  From  this  one  would  have  expected  an  ordering  tem- 


FIG.  4.  dc  magnetic  susceptibility  and  its  reciprocal  for  the  compound 
Sm2Ni3Si5.  The  expanded  region  near  T,/ is  shown  in  the  inset. 
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perature  of  =»5  K.  The  observed  value  of  T//  («=11  K)  is 
much  higher  than  this.  We  believe  that  the  small  anomaly 
observed  in  the  susceptibility  near  55  K  is  due  to  a  small 
impurity  phase  which  is  below  the  limit  of  detection  in  the 
x-ray-diffraction  pattern.  The  temperature  dependence  of  in¬ 
verse  susceptibility  is  not  linear.  This  is  not  unexpected  in  a 
Sm-based  material.  This  is  primarily  due  to  the  fact  that  the 
ionic  excited  states  are  at  a  rather  low  level  and,  hence,  they 
are  also  populated  at  moderate  temperatures  resulting  in  a 
effective  value  of  magnetic  moment  which  is  different  from 
that  of  the  free  Sm^"*^  ior  in  ground  state.  It  is  quite  likely 
that  at  low  temperatures,  crystal-field  effects  also  contribute 
to  the  deviation  from  the  Curie- Weiss  behavior. 

iV.  CONCLUSION 

We  have  synthesized  two  new  materials,  Gd2Ni3Si5  and 
Sm2Ni3Si5,  and  shown  that  they  form  in  orthorhombic 


U2Co3Si5-type  structure  similar  to  other  members  of  this 
rare-earth  series.  Both  the  materials  seems  to  order  antiferro- 
magnetically  and  «11  K  for  Gd2Ni3Si5  and 

Sm2Ni3Si5,  respectively).  The  ordering  temperature  of 
Sm2Ni3Si5  does  not  follow  the  de  Gennes  scaling  with  re¬ 
spect  to  that  of  Gd2Ni3Si5. 
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Low-field  ac  magnetic  susceptibility  under  pressure  in  GdMn2  and  TbMn2 
ihtermetailics 
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Low-field  ac  magnetic  susceptibility  experiments  under  pressure  up  to  10  kbar  have  been  performed 
on  the  GdMn2  and  TbMn2  compounds  in  the  temperature  range  of  4-300  K.  The  results  reveal  the 
possible  coexistence  of  two  phases  below  Tf^,  one  in  which  the  magnetic  moment  of  Mn  is  stable 
and  other  in  which  the  Mn  doe'  lot  present  any  magnetic  moment. 


The  RMn2  compounds  crystallize  in  the  Laves  phase 
structures.  The  hexagonal  Cl 4  phase  is  stabilized  in  the  case 
of  R=Pr,  Nd,  Sm,  Ho,  Er,  Tm,  or  Lu  and  the  cubic  CIS  for 
R=Y,  Gd,  Tb,  Dy,  and  Ho.  The  magnetic  properties  of  these 
compounds  are  strongly  related  to  the  intraatomic  Mn-Mn 
distance.'  The  existence  of  a  critical  distance  for  these  com¬ 
pounds  is  assumed  (at  room  temperature  ifMn-Mn=2.67  A). 
Below  this  value  the  magnetic  moment  on  Mn  (/tMn)  is  not 
stable.  On  the  other  hand,  the  appearance  of  a  local  magnetic 
moment  takes  place  at  a  specific  temperature  through  a  first- 
order  structural  and  antiferromagnetic  transition,  (T mostly 
around  100  K),  when  ^/mr-Mii 's  greater  than  the  critical  value. 
At  this  transition  very  large  spontaneous  magnetovolume  ef¬ 
fects  occur.  The  transition  temperature  is  very  sensitive  to 
external  parameters,  such  as  the  applied  pressure"  or  the 
magnetic  field.^  However,  from  nuclear  magnetic  resonance 
(NMR)**  on  YMn2  and  neutron-diffraction  experiments  on 
YMn2  and  TbMn2*  under  pressure,  a  constant  value  for  the 

was  observed.  Magnetostriction  experiments  using  high 
pulsed  magnetic  fields  up  to  15  T  demonstrated  the  stability 
of  in  YMn2,  GdMn2,  and  NdMn2,®’’  and  the  collapse  of 

in  the  case  of  TbMn2.^ 

Up  to  now,  pressure  studies  were  related  to  the  pressure 
sensitivity  of  the  antiferromagnetic  transition  and  little  atten¬ 
tion  has  been  paid  to  the  more  tiny  effects  connected  with  the 
magnetic  ordering  observed  at  different  temperatures  on 
compounds  with  several  rare  earths.  For  our  high-pressure 
studies  of  GdMn2  TbMn2  compounds  we  used  the  low- 
field  ac  susceptibility  x(T)  technique. 

The  polycrystalline  RMn2  compounds  were  prepared  by 
arc  melting  the  high-purity  constituents.  The  sample  anneal¬ 
ing  was  carried  out  under  a  stabilized  argon  atmosphere  at  a 
pressure  of  0.2  bar  for  5  days  at  800  °C.  The  nonexistence  of 
secondary  phases  was  checked  by  x-ray  powder  diffraction. 
Also,  the  low  value  of  the  xiT)  at  room  temperature  was  a 
more  positive  test  of  the  absence  of  the  ferromagnetic 
R6Mn23  phase. 

The  ;^r)  was  measured  using  a  low-frequency  (15  Hz) 
mutual  inductance  bridge,  with  a  peak  value  of  the  magnetic 
field  of  ===>30  mOe.  The  high-pressure  measurements  were 
done  using  a  CuBe  cell  under  fixed  hydrostatic  pressures  up 
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to  10  kbar.  The  pressure  was  measured  in  situ,  using  a  man- 
ganin  pressure  sensor. 

GdMn2: 

In  this  compound  r;v=104  K  and  below  this  temperature 
an  antiferromagnetic  behavior  was  observed.  From  magneti¬ 
zation  measurements  a  magnetic  ordering  of  the  Gd  sublat¬ 
tice  below  rc«40  K  was  observed;’""  however  from  spe¬ 
cific  heat'^  and  Mossbauer*^  measurements,  it  was  evident 
that  the  Gd  sublattice  is  ordered  up  to  Tf/.  There  exists  a 
large  controversy  about  the  magnetic  structure  due  to  the 
difficulty  of  performing  neutron-diffraction  experiments.  Our 
recent  results  of  magnetostriction^  clarified  this  magnetic  be¬ 
havior.  We  proposed  a  model’'*  considering  a  diffusionless 
(first-order)  transformation  at  1;^  with  the  existence  of  two 
phases  below  one  transformed  phase  (TP),  which  is  the 
responsible  for  the  huge  thermal-expansion  anomaly,  and 
other  nontransformed  phase  (NTP),  in  which 
entire  range  of  temperature.  Eviuence  that  the  transition  is 
not  complete  was  found  in  Yi_;(Sc^Mn2  (Ref.  4)  and  TbMn2 
(Ref.  5)  under  pressure.  The  TP  phase  appears  below  T/j  and 
both  Gd  and  Mn  magnetic  sublattices  become  antiferromag- 
netically  ordered.  The  Mn  sublattice  is  ordered  through  the 
3d-3d  exchange  interaction  and  the  Gd  sublattice  through 
the  3d-4f  exchange  interaction.  The  NTP  magn'  '.ally  order 
at  Tc’^35  K.  This  magnetic  transition  occurs  because  of  the 
4/-4/  exchange  interaction  between  Gd  ions  (in  this  phase 
/Zm„'=*0).  The  reliability  of  this  model  was  tested  by  x{T) 
under  pressure  and  magnetostriction  measurements  per¬ 
formed  on  GdMn2.'''  In  the  above-mentioned  work  an  in¬ 
crease  of  in  the  NTP  and  a  decrease  of  T^y  in  the  TP  phase 
was  observed  for  increasing  pressures.  The  transition  in  both 
phases  occurs  simultaneously  Tj^=Tc=70  K  for  &  pres¬ 
sure  of  6.9  kbar.  At  higher  pressuies  it  was  observed  that  the 
first-order  transition  at  7’,v  could  take  place  in  the  ordered 
regime  Because  the  maximum  pressure  available 

in  this  range  of  temperature  was  7.8  kbar,  we  performed 
X{T)  measurements  in  the  series  Gd(Mni  __,Ni^)2  creating  a 
chemical  pressure"  by  substitution  of  smaller  Ni  atoms.  We 
have  selected  Ni  because  the  RNi2  crystallizes  in  the  same 
crystallographic  structure  and  Ni  does  not  carry  a  magnetic 
moment  in  this  structure  and,  consequently,  we  cannot  expect 
a  perturbation  of  the  3d  magnetism  observed  in  pure 
GdMn2.  In  Fig.  1  we  "eport  the  results  obtained  for  selected 
concentrations.  The  x=0  compound  shows  a  small  anomaly 
at  7^=35  K  which  is  associated  with  the  establishment  of 
magnetic  order  in  the  NTP  phase  and  no  anomaly  is  observed 
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FIG.  1.  x(T)  in  Gd(Mni.^Ni,)2.  The  arrows  indicate  the  values  of  the 
WandT^d). 


at  Tf/.  For  j:= 0.025,  a  large  anomaly  in  x(^)  is  observed  at 
45  K  which  is  associated  with  an  increase  of  Tc  and  an 
anomaly  in  thermal-expansion  measurements^  gave  a  value 
of  T/,=95  K.  For  higher  Ni  concentrations,  we  start  to  ob¬ 
serve  an  anomaly  in  ;^r)  at  in  good  agreement  with 
thermal-expansion  results.’  The  dependence  of  J,.  and  Tj^  on 
concentration  can  be  clearly  followed  in  Fig.  1  for  the  rest  of 
the  compounds.  For  jr=0.1,  v,?  observe  T^>Tff,  in  close 
agreement  with  magnetization  under  pressure  measurements 
in  GdMn2.“  These  results  constitute  a  good  test  of  the  model 
that  we  proposed''*  and  also  clearly  establish  the  stability  of 
the  TP,  besides  the  existence  of  magnetic  order  in  the  R 
sublattice.  Consequently,  the  appearance  of  local  magnetic 
moment  on  Mn  can  take  place  below  Tc .  This  conclusion  is 
also  in  support  of  the  stability  of  the  and  TP  found  in 
GdMn2  up  to  applied  magnetic  field  of  15  T.'"* 

TbMn2: 

In  RMn2  compounds,  TbMn2  has  the  intraatomic  Mn-Mn 
distance  which  is  the  closest  to  the  critical  distance  below 
which  It  is  assumed  that  this  is  one  of  the  reasons 

why  Tf/^45  K  is  significantly  lower  than  in  the  rest  of  com¬ 
pounds  (i.e.,  R=Sm,  Pr,  Nd,  and  Gd).  Neutron-diffraction 
studies’’^  indicated  the  existence  of  two  magnetic  phases  be¬ 
low  Tff,  which  were  called  5j  and  ^2.  We  can  assume  the  5) 
phase  is  associated  with  the  so-called  TP.  In  this  phase 
Similarly  the  NTP  presents  a  S2'lyP®  magnetic 
structure,  reminiscent  of  that  observed  in  DyMn2.‘^  Either 
under  applied^  or  chemical  pressure  a  new  fenimagnetic 
phase  appears  as  was  observed  in  Tb(Mni_,Fe;j)2  (Ref.  16) 
and  Tbi_^SCjMn2.*’’'®  In  the  present  work  we  report  xiT) 
measurements  under  hydrostatic  pressure.  The  thermal  de¬ 
pendence  of  the  xiT^)  is  presented  in  Fig.  2  for  different 
applied  pressures.  In  the  range  of  pressure  p>2  kbar  only 
one  anomaly  is  observed,  which  is  associated  with  (para- 
ferrimagnetic  transition)  and  increases  with  increasing  pres¬ 
sures  at  the  rate  dTcldp=2  K/kbar.  The  structural  transfor¬ 
mation  is  absent  in  this  range  of  pressure  and  consequently  a 
local  magnetic  moment  on  Mn  atoms  does  not  exist,  in  good 
agreement  with  neutron-diffraction  and  magnetization 
results.^’’  The  low-pressure  behavior  is  rather  complex  and 
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FIG.  2.  x(T)  at  different  pressures  in  TbMnj.  Inset  x(.T)  at  p=0.2  kbar; 

(t).  K  (It),  r;,  (  t  ). 


can  be  understood  from  the  results  obtained  at  p=0.2  kbar. 
We  analyze  these  results  considering  that  both  TP  and  NTP 
coexist.  Three  anomalies  on  the  thermal  dependence  of  sus¬ 
ceptibility  can  be  distinguished  at  30,  40,  and  50  K.  We  can 
assume  7’c=50  K  for  the  magnetic  transitions  in  the  NTP. 
The  shoulder  observed  at  30  K  can  be  associated  with 
the  magnetic  ordering  temperature  within  the  NTP,  from  the 
ferrimagnetic  ordering  at  higher  temperature  toward  the  S2 
magnetic  structure  (DyMn2  type).  The  other  anomaly  at 
K— a  sharp  decrease  of  susceptibility — corresponds 
to  the  temperature  at  which  the  TP  appears.  The  is  ex¬ 
tremely  pressure  dependent  idTn//dp^-30  K/kbar);  in  fact, 
TP  disappears  at  a  pressure  above  2  kbar,  in  good  agreement 
with  former  magnetization  and  neutron  measurements.’"'’  At 
normal  pressure  both  Tc  and  Tf/  merge  at  Ti^‘^Tc’^45  K,  as 
can  be  observed  in  Fig.  2.  At  lowei  temperatures  a  shoulder 
appears  at  T'  =  35  K,  which  can  be  associated  with  the  tran- 
.sition  to  the  S2  magnetic  structure  within  the  NTP.  Evidence 
of  this  NTP  was  found  using  neutron-diffraction  experi¬ 
ments;  at  normal  pressure  this  NTP  only  represents  a  few 
percent  of  the  total  samp'e  volume.'"  The  volume  of  this 
phase  rapidly  increases  with  pressure.  This  result  is  in  good 
agreement  with  the  thermal -expansion  results  obtained  on 
the  same  sample.*  Based  on  these  arguments,  we  suggest  the 
magnetic  phase  diagrams  {T,p)  of  Figs.  3(a)  and  3(b)  for  the 
TP  and  NTP,  respectively.  These  results  clarify  some  of  the 
uncertainties  implicit  in  the  interpretavion  of  the  neutron- 
diffraction  results  in  the,  region  of  .emperature  35-50  K  in 
Tb(Mnj_^Fe^)2  (Refs.  3  and  16)  and  inTbi_,tSc^Mn2.'*The 
instability  of  the  TP  under  pressure  in  this  compound  can  be 
supported  from  other  points  of  view.  The  existence  of  a  fer¬ 
rimagnetic  phase  at  r<.>7’jv  is  not  a  stable  situation  for  the 
existence  of  the  TP  in  the  case  of  TbMn2.  Consequently,  the 
increase  of  the  molecular  field  induced  by  pressure  in  the 
NTP  will  have  ‘he  same  role  as  the  increase  of  the  applied 
magnetic  field  and  will  suppress  the  TP. 

As  a  general  conclusion  from  this  systematic  study  of 
TbMn2  and  GdMn2  compounds  under  pressure  we  propose 
an  explanation  for  the  complex  magnetic  behavior  of  these 
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FIG.  3.  Magnetic-phase  diagram  for  the  (a)  TP  and  the  (b)  NTP  in  TbMn2. 


compounds  based  on  the  coexistence  of  two  phases  TP  and 
NTP  originated  by  a  diffusionless  first-order  phase  transfor¬ 
mation  at  Tf^ .  The  observed  thermal  dependence  of  the  mag¬ 
netic  behavior  under  pressure  is  satisfactorily  explained  fol¬ 
lowing  the  thermal  pressure  dependence  of  the  different 
magnetic  behaviors  within  each  phase. 
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Time  evolution  of  magnetization  in  the  FeRh  system  near 
antiferrbmagnetic-ferromagnetic  transition  temperature  (abstract) 

Shinji  Yuasa,  Yoshichika  Olaiii,  and  Hideki  Miyajima 

Department  of  Physics,  Faculty  of  Science  and  Technology,  Keio  University,  Hiyoshi  3-14-1,  Kohoku, 
Yokohama  223,  Japan 

The  body-centered  cubic  FeRh  is  known  to  exhibit  a  first-order  phase  transition  from 
antiferromagnetic  to  ferromagnetic  at  about  400  K,  accompanied  by  a  volume  expansion  of  about 
1%.  The  time  evolution  of  the  magnetization  M  of  ordered  Feo^Rhoj  and  FeRho.958Pto.042  just  below 
and  above  the  transition  temperature  (Tq)  was  measured  as  functions  of  temperature  and  magnetic 
field.  Around  Tq,  the  magnetization  increased  logarithmically  with  time  up  to  M*(==41  emu/g),  the 
value  of  which  indicates  that  the  ferromagnetic  grains  occupy  one  third  of  the  antiferromagnetic 
matrix.  When  M=M*,  there  appeared  a  jump  in  M.  After  that,  M  varies  as 
M(t)  =A/„[1  -exp(-f/T)],  where  r  is  a  relaxation  time.  It  should  be  noted  that  the  value  of  M* 
is  independent  of  both  temperatures  and  external  magnetic  fields.  Microscopic  observation  and  x-ray 
diffraction  measurement  showed  that  the  ferromagnetic  grains  nucleated  in  the  antiferromagnetic 
matrix  began  to  grow  with  time  just  below  Tq.  In  this  work,  the  time  evolution  of  the  phase 
transition  was  analyzed  by  considering  the  magnetic  free  energy,  the  elastic  energy,  and  the  strain 
energy  at  the  surface  of  the  grains.  The  above  mentioned  magnetic  relaxation  process  is  deeply 
related  to  the  time  evolution  of  the  grain  size. 


Unusual  magnetic  properties  and  time  dependent  magnetization 
in  ErC03Ga2  (abstract) 

Naushad  AN  and  Xianfeng  Zhang 

Department  of  Physics  and  Molecular  Science  Program,  Southern  Illinois  University,  Carbondale, 

Illinois  62901 

In  this  abstract  we  will  present  the  measurements  of  magnetization,  ac  susceptibility,  and  the  time 
dependent  effects  on  the  magnetization  of  polycrystalline  samples  of  ErCo3Ga2  and  YCo3Ga2.  The 
field  cooled  (FC)  and  zero  field  cooled  (ZFC)  magnetization  data  suggest  a  spin  glass  transition  in 
YCo3Ga2  below  160  K.  The  FC  magnetization  ErCo3Ga2  exhibits  a  negative  minimum  at  25  K  and 
a  compensation  temperature  at  ISO  K.  It  is  suggested  that  ErCo3Ga2  has  two  magnetic  phase 
transitions:  one  at  150  K  (most  likely  a  spin  glass  transition  due  to  Co  sublattice)  and  the  other 
below  25  K  (due  to  Er  sublattice  ordering).  We  have  found  an  unusual  time  dependence  of 
magnetization  of  ErCo3Ga2  at  a  constant  temperature  (below  150  K)  and  constant  applied  magnetic 
field.  The  magnetization  M  increases  with  time  t  and  dose  not  attain  a  constant  value  over  a  period 
of  64  h.  The  time  dependence  of  magnetization  follows  the  relation 

The  slope  Oth  is  always  positive  and  depends  on  temperature  and  the  applied  magnetic  field.  The 
field  dependence  of  the  slope  shows  a  peak  at  a  field  Hg.  The  value  of  Hg  decreases  with  increasing 
temperature.  At  a  constant  temperature  the  slope  Ofu  increases  exponentially  with  the  applied 
magnetic  field  and  then  decays  towards  zero  values  at  high  applied  magnetic  field.  This  suggests  an 
activation  energy  process.  Detailed  experimental  results  on  time  effects  will  be  presented. 
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Effects  of  magnetic  fields  on  fibrinolysis 
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Engineering,  Faculty  of  Engineering,  Kyushu  University,  Fukuoka  812,  Japan 
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In  this  study,  we  investigated  the  possible  effects  of  magnetic  fields  on  the  fibrinolytic  process. 
Fibrin  dissolution  was  observed  and  the  fibrinolytic  activities  were  evaluated.  First,  fibrinolytic 
processes  in  magnetic  fields  were  investigated  by  the  fibrin  plate  method.  We  gathered  solutions 
from  the  dissolved  fibrin,  and  measured  mean  levels  of  fibrin  degradation  products  (FDPs)  in 
solutions.  Mean  levels  of  FDPs  exposed  to  8  T  magnetic  fields  were  higher  than  those  not  exposed 
to  fields.  Second,  we  carried  out  an  experiment  to  understand  how  fibrin  oriented  in  a  magnetic  field 
dissolves.  FDPs  in  solutions  of  dissolved  fibrins  in  fibrin  plates  were  assayed.  The  result  was  that 
fibrin  gels  formed  in  a  magnetic  field  at  8  T  were  more  soluble  than  those  not  formed  in  a  magnetic 
field.  A  model  based  on  the  diamagnetic  properties  of  macromolecules  was  explained,  and  changes 
of  protein  concentrations  in  a  solution  in  gradient  magnetic  fields  were  predicted. 


I.  INTRODUCTION 

Fibrinogen,  which  is  the  prime  factor  in  blood  coagula¬ 
tion,  changes  to  fibrin  monomer  by  the  action  of  protease 
thrombin,  and  fibrin  monomers  are  polymerized.  Fibrin  poly¬ 
mers  are  diamagnetic  materials  that  are  oriented  in  a  mag¬ 
netic  field.  In  the  course  of  the  polymerization  process,  when 
a  magnetic  field  of  intensity  10-20  T  is  applied,  the  fibrin 
fibers  orient  parallel  to  the  magnetic  fields.'  When  no  mag¬ 
netic  field  is  applied,  fibrin  fibers  become  entangled  in  mesh, 
and  no  orientation  is  observed.  This  is  an  effect  of  strong 
static  magnetic  fields  on  the  blood  coagulation  system. 

On  the  other  hand,  the  fibrinolytic  process  also  occurs  in 
vessels  in  a  mutually  compensating  and  balanced  state  with 
coagulation.  Fibrin  gels  are  dissolved  when  polymerized  fi¬ 
brins  are  degraded  to  fragments  by  plasmin.  There  have  been 
some  studies  on  the  positive  effect  of  weak  magnetic  fields 
(~0.3  T)  on  fibrinogen  degradation  products  level  in  rabbits 
in  vivo?  We  have  been  studying  the  fibrinolysis  in  intense 
magnetic  fields  up  to  8  T,  to  clarify  the  mechanism  of  en¬ 
zyme  reactions  in  magnetic  fields,  and  reported  about  some 
in  vitro  studies  of  fibrinolysis.^’"*  We  have  investigated  how 
fibrin  oriented  in  a  magnetic  field  dis.solves.  Fibrin  plates 
were  prepared  and  the  fibrinolytic  process  was  observed.  It 
was  observed  that  the  shapes  of  holes  in  dissolved  fibrin 
changed  to  ellipsoidal  patterns  v.hen  fibrin  plates  were 
formed  with  a  magnetic  field  at  8  T.  The  transversal  axis  of 
the  ellipse  was  parallel  to  the  magnetic  fields.* 

In  the  present  study,  we  focus  on  the  possibility  that  one 
of  the  enzyme  reactions  engaged  in  those  coagulation  and 
fibrinolysis  cascades,  could  be  influenced  by  magnetic  fields. 
Fibrinolytic  processes  in  magnetic  fields  are  investigated  by 
a  fibrin  plate  method,  and  mean  levels  of  fibrin  degradation 
products  (FDPs)  in  solutions  are  measured. 


II.  MATERIALS  AND  METHODS 

A.  Magnetic  fields  exposure  system 

We  used  a  horizontal  type  of  superconducting  magnet 
with  a  bore  100  mm  in  diameter  and  700  mm  long.  The 
magnet  produced  8  T  at  its  center,  where  the  z  axis  was 
directed  along  the  bore  axis. 

The  distributions  of  magnetic  fields  at  the  center  of  a 
bore  are  shown  in  Fig.  1.  In  a  sectional  plane  of  a  bore,  the 
maximum  field  strength  is  in  bore’s  wall,  and  the  minimum 
field  strength  is  in  the  center  of  the  plane. 

Figure  2  shows  the  distributions  of  magnetic  fields  on 
the  z  axis.  This  exposure  system  has  a  field  distribution  in 
which  magnetic  field  strength  changes  from  7.84  to  4.30  T  at 
z=0~±100  mm  in  the  center  of  a  sectional  plane  of  a  bore. 
When  the  magnet  produced  8  T  at  its  center,  the  maximum 
product  of  the  magnetic  field  and  the  gradient  was  400  T^/m 
at  z=±75  mm,  where  the  z  axis  was  along  the  bore  axis. 

B.  Assay  of  FDPs  released  under  magnetic  fields 

Fibrinolytic  activity  was  evaluated  by  the  fibrin  plate 
method.*  Fibrin  plates  were  prepared  and  the  fibrinolytic  pro¬ 
cess  was  observed.  Thrombin  (80  fil  3.1  NIH  units/ml)  was 


FIG.  1.  Distribution  of  magnetic  fields  at  the  center  of  the  bore. 
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FIG.  2.  Distribution  of  magnetic  fields  on  the  bore  axis. 

added  to  3  ml  of  fibrinogen  (4.8  mg/ml  in  0.05  M  Tris-HQ 
buffer,  pU  7.4,  containing  0.10  M  NaCl).  This  solution  was 
divided  into  two  dishes  and  incubated  at  25  °C  for  60  min 
without  magnetic  fields.  A  hole  was  made  in  the  centers  of 
the  fibrin  plates  by  a  gel  puncher,  and  20  pi  of  plasmin  (4 
casein  units/ml)  was  added  to  each  hole. 

Fibrin  plates  were  incubated  at  37  °C  for  15  h,  either 
with  a  magnetic  field  at  8  T  or  without  magnetic  fields,  and 
dissolution  of  both  types  of  fibrin  was  observed.  The  position 
of  fibrin  plates  exposed  to  8  T  magnetic  fields  (position  A)  is 
shown  in  Fig.  2.  We  gathered  solutions  from  the  dissolved 
fibrin,  and  measured  absorbencies  at  280  nm  with  a  spectro¬ 
photometer.  Mean  levels  of  FDPs  in  solutions  were  obtained 
using  absorbance  coefficiencies  (Ai%_i  cm  at  280  nm)  of 
1.51.® 

The  same  experiment  was  carried  out  in  gradient  mag¬ 
netic  fields  (position  B:  350-400  T^/m). 

C.  Asf  ay  of  fibrinolysis  of  fibrin  colts  formed  In 
mesgnetic  fields 

We  carried  out  an  experiment  to  understand  how  the 
fibrin  oriented  in  a  magnetic  field  dissolves.  Thrombin  was 
added  to  a  solution  of  fibrinogen.  This  solution  was  divided 
into  two  dishes;  one  was  for  magnetic  field  exposures  and 
the  other  for  the  control.  After  incubation  at  25  “C  for  60 
min,  a  hole  was  made  in  fibrin  plates  in  which  a  protease 
plasmin  was  added.  The  dissolution  of  both  fibrins  was  ob¬ 
served  after  incubation  at  37  °C  for  15  h.  We  gathered  solu¬ 
tions  from  the  dissolved  fibrin,  and  measured  mean  levels  of 
FDPs  in  solutions. 


FIG.  3.  Fibrinolytic  processes  in  an  8  T  magnetic  field.  Vertical  axis  shows 
the  levels  of  FDPs.  Various  concentrations  of  plasmin  (20  /xl)  were  added 
into  a  hole  made  in  the  center  of  fibrin  plates.  Data  were  expiessed  as  means 
+SD  for  independent  experiments. 
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FIG.  4.  Effects  of  gradient  magnetic  field  on  fibrinolytic  process.  Vertical 
axis  shows  the  levels  of  FDPs.  Plasmin  (20  /d,  21.3  casein  units/ml)  were 
added  into  the  holes  made  in  the  center  of  fibrin  plates.  Data  were  expressed 
as  means  +SD  for  independent  experiments. 

III.  RESULTS 

A.  Fibrinolysis  under  magnetic  fields 

Figure  3  shows  the  mean  levels  of  FDPs  in  samples  ex¬ 
posed  to  an  8  T  magnetic  field  and  in  those  not  exposed. 
Fibrin  plates  exposed  to  fields  were  placed  in  the  center  of  a 
magnet’s  bore  axis,  20  mm  below  the  center  of  the  bore’s 
sectional  plane. 

The  maximum  release  of  FDPs  was  o'^served  when  plas¬ 
min  activity  was  21.3  casein  units/ml.  Mean  levels  of  FDPs 
in  samples  exposed  to  an  8  T  magnetic  field  were  higher  than 
those  not  exposed  by  18%  on  the  average. 

Figure  4  shows  the  effects  of  gradient  magnetic  fields  on 
the  fibrinolytic  process.  The  mean  level  of  FDPs  released  in 
a  gradient  magnetic  field  of  400  T^/m  was  more  than  190% 
of  the  control  samples,  and  160%  of  the  samples  exposed  to 
an  8  T  magnetic  field. 


B.  FIbrInolycIs  of  fibrin  colts  formed  In  magnetic 
fields 

FDPs  in  the  dissolved  holes  in  the  fibrin  prepared  in 
either  the  presence  or  the  absence  of  an  8  T  magnetic  field 
were  assayed.  The  result  is  shown  in  Fig.  5.  Plasmin  concen¬ 
trations  were  varied  from  10  to  21.3  casein  units/ml.  Fibrin 
gels  formed  with  a  magnetic  field  were  more  soluble  than 
those  formed  without  a  magnetic  field. 


(otsemuniu/ml)  10  IS  21.3 

FIG.  S.  Fibrinolysis  in  the  fibrin  that  formed  m  a  8  T  magnetic  fields. 
Vertical  axis  shows  the  levels  of  FDPs.  Various  concentrations  of  plasmin 
(20  fd)  were  added  to  the  holes  made  in  the  center  of  fibrin  plates.  Data 
were  expressed  as  means  +SD  for  independent  experiments. 


J.  Appl.  Phys.,  Vol.  75,  No.  10, 15  May  1994 


Iwasaka,  Ueno,  and  Tsuda  7163 


IV.  DISCUSSION 

The  results  of  the  present  study  indicate  that  a  reaction 
of  the  last  cascade  of  fibrinolytic  system,  degradation  of  fi¬ 
brin  clots  by  protease  plasmin,  is  influenced  by  magnetic 
fields  up  to  8  T. 

In  the  first  experiments,  mean  levels  of  FDPs  in  the  cen¬ 
ter  of  a  magnet’s  bore  axis  (position  A;  z=0  mm,  y = -19  to 
- 15  mm),  were  higher  than  those  not  exposed  to  magnetic 
fields  by  18%  on  the  average. 

We  have  carried  out  the  same  experiment  in  the  gradient 
magnetic  fields  area,  where  products  of  B  and  dB/dz  are 
350-400  T^/m  at  z= ±60-95  mm  (position  B).  Result  shows 
that  the  effect  of  gradient  magnetic  fields  is  significant  in  this 
position. 

We  propose  a  model  to  explain  these  results.  The  model 
is  the  effect  of  magnetic  fields  on  the  kinetics  of  macromol¬ 
ecules,  observed  at  macroscopic  levels,  that  is  caused  by  the 
diamagnetic  properties. 

Almost  all  materials  in  living  systems  are  diamagnetic 
materials.  Fib -in  polymers  have  a  distinguishable  property, 
which  is  the  laige  diamagnetic  anisotropy  resulting  in  mag¬ 
netic  torque  energy  (1/2)A;^'jF/^  which  exceeds  thermal  en¬ 
ergy  kT.  There  is  another  kinetic  property  of  diamagnetic 
materials.  If  there  is  a  magnetic  gradient,  diamagnetic  mate¬ 
rials  in  this  area  can  drift  to  less  magnetic  fields. 

In  the  experiment  of  fibrinolysis  under  magnetic  fields, 
at  position  A,  where  the  bottom  of  a  fibrin  plate  is  exposed  to 
7.90  T  (>'  =  -19  mm)  and  the  top  is  exposed  to  7.86  T  (y  = 
-15  mm),  fibrin  gel  is  in  the  gradient  field  of  7.5  T/m.  Prod¬ 
ucts  of  fields  and  gradient  in  this  space  are  ~59  T^/m. 

Let  us  introduce  a  situation  in  which  there  is  a  gradient 
magnetic  field  whose  intensity  decreases  with  the  altitude 
increase.  When  there  is  a  diamagnetic  material,  such  as  wa¬ 
ter,  in  gradient  magnetic  fields.  A  gravity  force  of  Py,gV„ 
acts  downward  on  this  material,  where  p„,  is  a  mass  of  water 
per  unit  volume,  g  is  the  gravitational  constant,  and  is  a 
volume  of  water  cluster.  On  the  other  hand,  a  magnetic  force 
acts  upward,  where  Xw  is  a  susceptibility 

of  water. 

Fibrin  clots  are  gels  that  contain  water  clusters  and  ions, 
etc.  When  these  clots  are  digested  by  the  action  of  protease 
plasmin,  many  FDPs  are  released  in  the  solution.  If  there  are 
polymerized  fibrins  which  have  been  isolated  from  clots, 
these  fibrin  polymers  are  adrift  in  the  solution  because  of 
buoyancy.  If  we  do  not  consider  random  movements  caused 
by  thermal  energy,  and  viscosity  is  neglected,  a  force  that 
acts  on  a  diamagnetic  material  in  the  water  is  described  as 


F==pgV-p„gV+ix,-xJV^oHH^)/2,  (1) 

where  p,  Xv  >  ^nd  V  are  constants  of  fibrin,  FDPs,  or  plasmin. 

If  (p-p„)gV  was  small  compared  to  (Xv-XwWp-o 
XA(H^)/2,  and  when  magnetic  energy  -(Xv~XwWf^oFf^/ 
2  was  larger  than  thermal  energy  hT,  it  is  possible  for  the 
diamagnetic  proteins  in  the  solution  to  drift  in  a  specific 
direction. 

Drifting  of  fibrin  polymers  and  FDPs  in  a  specific  direc¬ 
tion  results  in  the  change  of  concentration  of  these  proteins. 
When  there  is  an  increase  of  the  concentrations  of  substrates 
and  enzymes  in  a  local  space  of  a  solution,  an  enzyme  reac¬ 
tion  such  as  fibrinolysis  can  be  effected. 

The  effect  of  a  gradient  magnetic  field  of  400  T^/m  was 
more  distinguished  as  shown  in  Fig.  4.  In  this  case,  there  are 
large  gradients  along  the  horizontal  line.  Solutions  contain¬ 
ing  water,  plasmin,  and  fibrin  could  diffuse  to  horizontal  di¬ 
rections  to  promote  the  reactions  of  fibrinolysis. 

An  enhancement  of  fibrinolysis  of  clots  formed  with 
magnetic  fields  also  seems  to  be  due  to  magnetically  induced 
changes  in  concentration  of  fibrins. 

V  CONCLUSION 

To  investigate  the  effect  of  magnetic  fields  on  the  fibrin¬ 
olytic  process  in  thrombus,  we  carried  out  the  above  de¬ 
scribed  experiments. 

In  the  experimental  results  of  the  fibrin  plate  method, 
fibrinolysis  under  magnetic  field  gradient  and  fibrinolysis  of 
clots  formed  with  magnetic  fields  were  enhanced. 
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A  possible  influence  of  intense  magnetic  fields  on  the  embryonic  development  of  frogs  was  studied 
in  reference  to  a  potential  hazard  in  magnetic  resonance  imaging  technology.  Some  of  the  most 
serious  hazardous  effects  that  could  be  induced  by  intense  magnetic  fields  are  teratogenic  effects  on 
developing  embryos.  In  the  present  experiment,  the  possible  influence  of  inten.:e  magnetic  fields  up 
to  8  T  on  the  early  embryonic  development  of  Xenopus  laevis  was  studied.  Embryos  were  exposed 
to  magnetic  fields  up  to  8  T  for  the  period  from  the  precleavage  stage  to  neurula  in  a  small  glass  vial. 
Embryos  were  then  cultured  in  Brown-Caston’s  medium  until  the  feeding-tadpole  stage.  No 
apparent  teratogenic  effects  were  observed  when  embryos  were  cultured  for  20  h  from  the  stage  of 
uncleaved  fertilized  egg  to  the  neurula  stage  under  magnetic  fields  of  8  T.  We  conclude  that  static 
magnetic  fields  up  to  8  T  do  not  appreciably  affect  the  rapid  cleavage  and  the  following  cell 
multiplication  and  differentiation  in  Xenopus  laevis.  We  have  also  studied  the  early  embryonic 
development  of  Xenopus  laevis  in  a  40  nT  magnetic  field,  or  1/1000  of  the  earth’s  magnetic  field, 
and  obtained  negative  results.  Thus,  again  under  this  very  low  magnetic  field,  fertilized  eggs 
developed  normally  and  formed  tadpoles  with  no  appreciable  abnormality. 


INTRODUCTION 

The  question  of  biological  effects  of  magnetic  fields  has 
become  serious  recently  in  association  with  the  appearance 
of  superconducting  magnets  and  magnetic  resonance  imag¬ 
ing  (MRI)  for  medical  applications. 

One  of  the  most  serious  hazardous  effects  that  could  be 
induced  by  intense  magnetic  fields  is  a  teratogenic  effect  on 
developing  embryos.  Generally,  fertilized  eggs  of  animals 
divide  quite  actively.  For  example,  a  fertilized  egg  of  the 
African  clawed  toad  Xenopus  laevis  cleaves  approximately 
every  25  min  for  the  first  12  cycles  of  cell  division,'  and  after 
such  rapid  and  synchronous  division,  the  embryo  reaches  the 
blastula  and  then  gastrula  stages  to  undergo  formative  move¬ 
ments  to  become  a  feeding  tadpole,  which  is  provided  with 
all  the  necessary  “organ  anlage”  to  become  a  frog. 

Thus  embryos  of  Xenopus  laevis  provide  a  unique  test 
system  to  examine  both  cytostatic  and  teratogenic  effects  of 
magnetic  fields,  because  they  first  divide  extremely  rapidly 
during  the  cleavage  stage,  and  then  later  differentiate  various 
organs,  the  essential  mechanisms  of  which  are  comparable  to 
those  of  humans. 

A  preliminary  study  on  embryogenesis  in  Xenopus  laevis 
cultured  in  magnetic  fields  up  to  1  T,  1000  T/m,  and  6.34  T 
has  been  reported  previously.^’^ 

In  these  previous  studies,^’^  embryos  were  exposed  to  the 
strong  magnetic  field  after  they  reached  2-8  cell  stages.  In 
the  initial  phase  of  embryogenesis,  Xenopus  eggs  undergo 
remarkable  rearrangement  of  cytoplasmic  substances  and 
cortical  rotation,  which  is  induced  by  sperm  entrance  and 
determines  the  future  dersoventral  polarity.'*  Therefore,  it  is 
important  to  see  if  the  developing  embryos  are  affected  by 
the  strong  magnetic  field  during  such  extensive  cytoplasmic 
relocalization. 


To  test  the  susceptibility  of  the  egg  rotation  and  accom¬ 
panying  changes  to  the  strong  magnetic  field,  it  is  necessary 
to  expose  the  egg  to  the  magnetic  field  shortly  after  insemi¬ 
nation. 

In  the  present  experiment,  the  possible  influence  of  in¬ 
tense  magnetic  fields  up  to  8  T  on  the  early  embryonic  de¬ 
velopment  of  Xenopus  laevis  was  studied  by  exposing  eggs 
shortly  after  fertilization  (before  egg  rotation). 


MATERIALS  AND  METHOD 

A  female  of  Xenopus  laevis  which  had  not  ovulated  for 
at  least  six  months  was  injected  with  150  units  of  a  gonado¬ 
tropic  hormone  gonalropin,^  and  unfertilized  eggs  squeezed 
out  from  the  female  were  artificially  inseminated  following 
the  methods  of  Wolf  and  Hedrick.®  About  20  min  after  fer¬ 
tilization,  eggs  were  cultured  at  21-22  °C  in  a  Brown- 
Caston  Ringer  solutio  and  eggs  were  exposed  to  magnetic 
fields  up  to  8  T  in  a  si  lall  glass  vial.  Eggs  that  were  arrested 
in  development  were  counted  as  unfertilized  and  were  elimi¬ 
nated  from  the  culture  within  2  h.  Embryos  were  then  cul¬ 
tured  in  Brown-Caston’s  medium  until  the  feeding-tadpole 
stage,  following  the  methods  of  Nieuwkoop  and  Faber.®  Tad¬ 
poles  were  fed  a  dried  powder  of  alfalfa  leaves. 

We  also  studied  embryonic  development  of  Xenopus  lae¬ 
vis  in  a  magnetically  shielded  room  where  field  strength  is 
40  nT. 

The  experimental  design  to  expose  eggs  or  embryos  to 
magnetic  fields  is  illustrated  in  Fig.  1.  We  used  a  horizontal 
type  of  superconducting  magnet  with  a  bore  100  mm  in  di¬ 
ameter  and  700  mm  long.  The  magnet  produced  8  T  at  its 
center. 
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FIG.  3.  The  embryonic  development  under  static  magnetic  fields.  8  T:  em¬ 
bryos  cultured  in  an  8  T  magnetic  field.  40  nT:  embryos  cultured  in  a  40  nT 
magnetic  field.  Cent;  Control  group.  Samples  8  T  289, 40  nT  302,  Cont  334. 


FIG.  1.  Experimental  setup  to  observe  the  embryonic  development  of  frog 
embryos  in  a  superconducting  magnet. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  outer  appearance  of  exposed  em¬ 
bryos  at  various  stages.  It  is  shown  that  embryos  at  the  stages 
of  blastla,  neurula,  and  hatched  tadpole  treated  with  an  8  T  or 
40  nT  magnetic  field  are  quite  similar  in  their  outer  appear¬ 
ance  to  the  untreated  control  embryos. 

The  results  are  summarized  in  Fig.  3.  The  percentage  of 


FIG.  2.  Outer  appearance  of  exposed  embryos  at  various  stages.  (a),(d),(g) 
blastra  stage;  (b),(e),(h)  tail  bud-stage  embryos;  (c),(f),(i)  tadpoles  after 
hatching. 


embryos  that  reached  late  neurula  stage  was  the  same  be¬ 
tween  the  control  and  the  embryos  cultured  in  8  T  and  40  nT. 
The  14%  of  the  embryos  that  died  relatively  early  during  the 
experiment  is  assumed  to  have  been  overripe  eggs.  Those 
designated  as  abnormal  are  tadpoles  with  faint  coloring  or 
albino  formation,  or  axial  bending  including  curled  tail, 
edema  formation,  or  a  small  head  (microcephaly). 

Neurath®  has  done  experiments  on  the  embryonic  devel¬ 
opment  of  frogs  under  gradient  tnagnetic  fields  and  obtained 
a  significant  difference  in  the  hatching  rate  of  the  embryo. 
Neurath  tried  to  explain  the  results  through  the  movement  of 
ferritin,  a  paramagnetic  material  in  the  cells. 

Gradient  magnetic  fields  will  exert  mechanical  forces  on 
heterogeneous  materials  of  different  magnetic  susceptibility. 
Assuming  that  biomagnetic  effects  are  due  to  forces  between 
heterogeneous  materials  of  different  magnetic  susceptibility 
in  the  body,  the  effect  should  be  proportional  to  the  product 
of  the  magnetic  field  and  the  gradient. 

High  gradient  magnetic  separation  (HGMS)  has  made  it 
possible  to  separate  micron-sized  paramagnetic  particles 
from  solution.'®  Melville,  Paul,  and  Roath"  succeeded  in 
separating  red  cells  from  whole  blood  by  HGMS  when  the 
hemoglobin  was  in  the  complclely  deoxygenated  state. 

We  have  reported  a  study  on  the  magnetic  field  effects 
on  the  embryonic  development  of  Xenopus  laevis  by  a  simi¬ 
lar  technique  used  in  HGMS.^  Embryos  were  exposed  to  1.0 
T  magnetic  fields  with  different  gradients  of  a  range  from  10 
to  10^  T/m  during  a  period  from  cleavage  to  neurula  stage. 
The  results  obtained  suggested  that  strong  magnetic  fields 
with  gradients  higher  than  at  least  10''  T/m  would  be  neces¬ 
sary  to  cause  mote  clear  teratogenic  effects. 

We  have  also  reported  results  of  a  preliminary  study  on 
embryogenesis  in  Xenopus  iaevis  cultured  in  static  magnetic 
fields  of  6.34  and  4.5  T.^  It  is  possible  for  diamagnetic  ma¬ 
terials  in  living  systems  to  orient  by  static  magnetic  fields  up 
to  10  T  oroer.  The  magnetic  orientation  of  cellular  constitu¬ 
ents,  especially  of  those  in  cytoplasmic  membranes,  could 
occur  in  the  rapidly  dividing  cells  of  early  embryos.  It  is  also 
coiisidered  that  magnetic  fields  could  induce  some  effects  on 
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the  mitochondrial  energy  supplying  system,  which  in  turn 
induces  some  alteration  in  DNA  and  RNA  metabolism.  Re¬ 
sults  obtained  showed  that  static  magnetic  fields  up  to  6.34  T 
did  not  appreciably  affect  the  rapid  cleavage  and  the  follow¬ 
ing  cell  multiplication  and  differentiation  in  Xenopus  laevis. 

In  the  present  study,  the  possible  influence  of  intense 
magnetic  fields  up  to  8  T  on  the  early  embryonic  develop¬ 
ment  of  Xenopus  laevis  was  studied  by  exposing  eggs  shortly 
after  fertilization  (before  egg  rotation).  However,  we  ob¬ 
served  no  appreciable  defect  in  the  development  of  embryos. 
Also  it  was  shown  here  that  an  almost  zero  or  1/1000  of  the 
earth’s  magnetic  field,  has  no  teratogenic  effect  on  Xenopus 
development. 

Therefore,  we  concluded  that  as  far  as  the  rotation  of 
cortical  cytoplasm  of  fertilized  eggs  and  subsequent  cleavage 
and  early  development  of  Xenopus  laevis  are  concerned,  8  T 
and  40  nT  magnetic  fields  exert  practically  no  appreciable 
effect. 
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This  study  focuses  on  the  influences  of  spreading  multiple  dipolts  in  the  human  head  upon  surface 
magnetic  flelds.  A  source  model  of  the  magnetoencephalogram  (MEG)  activity  is  proposed.  This 
source  model  is  expressed  by  spreading  multiple  dipoles  which  have  time-varying  dipole  moments. 
Using  this  source  model,  spatio-temporal  patterns  of  MEGs  are  simulated.  Effects  of  spreading 
dipoles '  a  spatio-temporal  magnetic  flelds  are  investigated.  The  computer  simulations  show  that  the 
wave  forms  and  amplitude  of  magnetic  flelds  are  affected  signiflcantly  by  the  spread  of  the  source 
and  the  conduction  velocity  of  traveling  dipoles.  The  latency  of  the  peak  mapetic  field  generated 
by  spreading  multiple  dipoles  varies  with  the  measurements  points  on  the  surface  of  the  head. 


:mtroduction 

It  is  difflcult  to  solve  the  inverse  problem  in  mapetoen- 
cephalography  (MEG)  and  electroencephalography  (EEG) 
because  of  the  complexity  of  electrical  sources  and  inhomo¬ 
geneities  of  electrical  conductivities  in  the  human  head.  We 
have  investigated  the  influence  of  inhomogeneous  regions  in 
the  human  head  on  surface  mapetic  fields.*"®  We  have  also 
investigated  spatial  patterns  of  mapetic  fields  produced  by 
multiple  dipoles.*’’  MEG  measurements  have  an  advantage 
over  EEG  techniques  in  that  the  underlying  .leurai  source  in 
the  brain  is  localized.  The  conveniicnal  methods  used  to  ad¬ 
dress  the  inverse  problem  have  been  concerned  with  estima¬ 
tion  of  positions  and  orientations  of  current  sources  which 
were  modeled  as  a  small  number  of  dipoles.  These  inverse 
problems  are  solved  using  magnetic  and  electric  signals  at  a 
fixed  time.  However,  the  neural  sources  in  the  brain  are  in¬ 
tricate  in  construction  and  electrical  activities  of  neural 
sources  change  by  the  moment.  There  are  many  cases  that 
cannot  conform  to  the  simple  dipole  model,  such  as  single¬ 
current  dipole  or  two-cur  ent  dipoles. 

Recently  it  became  possible  to  measure  magnetic  flelds 
at  many  points  of  the  head  simultaneously  using  the  multi¬ 
channel  superconducting  quantum  interference  device 
(SQUID)  system.  Multichannel  SQUID  measurements  have 
revealed  that  sources  of  the  NlOO  component  of  auditory 
evoked  mapetic  flelds  are  represented  by  moving  dipoles.*’® 

It  is  important  to  consider  spatially  distributed  multiple 
dipoles  as  the  sources  of  mapetic  flelds. 

This  study  is  focused  on  the  influence  of  spreading  di¬ 
poles  upon  spatio-temporal  mapetic  fields.  Sources  of  elec¬ 
trical  activity  in  the  human  brain  are  assumed  as  multiple 
traveling  dipoles.  Using  this  source  model,  spatio-temporal 


FIG.  1.  Source  model  of  spreading  excitation  of  cortical  neurons.  'The  time- 
dependent  dipole  moment  of  the  exciting  dipole  moves  to  the  next  dipole 
after  a  slight  time  lag. 


patterns  of  mapetic  fields  are  simulated.  The  computer 
simulation  shows  that  the  spread  of  the  source  and  conduc¬ 
tion  velocity  of  traveling  dipoles  have  significant  effects 
upon  the  wave  forms  and  amplitude  of  mapetic  fields. 

MODELS  AND  METHODS 

The  human  head  is  assumed  to  be  a  homogeneous 
spherical  volume  conductor  with  0.1  m  radius.  We  assume 
that  sources  of  MEG  activity  are  diffused  in  the  brain.  The 
source  area  is  represented  by  a  square  with  20  mm  sides. 
This  dipole  layer  exists  under  the  vertex  and  orients  perpen¬ 
dicular  to  the  surface  of  the  sphere.  10  000  current  dipoles 
are  anayed  in  a  la  tice  in  the  dipole  layer.  All  dipoles  orient 
perpendicular  to  the  dipole  layer.  Each  dipole  has  a  time- 
dependent  dipole  moment.  It  is  assumed  that  the  dipole  mo¬ 
ment  changes  sinusoidally.  The  excitation  of  the  adjacent 
cortical  neuron  propagates  in  the  source  area.  The  propaga¬ 
tion  of  excitation  is  represented  by  the  propagation  of  change 
of  dipole  moment.  Magnetic  flelds  are  reflected  by  the 
spatio-temporal  summation  of  these  dipole  activities.  Figure 
1  shows  a  schema  of  the  propagation  of  the  excitation  of 
cortical  neurons.  The  time-dependent  dipole  moment  of  the 
exciting  dipole  moves  to  the  next  dipole  after  a  slight  time 
lag.  Figure  2  shows  the  head  model  and  the  dipole  layer. 


FIG.  2.  Spherical  head  model  and  the  locations  of  the  dipole  layer. 
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FIG.  3.  The  wave  fonns  of  magnetic  fields  generated  by  multiple  dipoles 
that  move  in  the  source  area  (solid  line),  and  the  wave  forms  generated  by  a 
fixed  single  dipole  that  locates  at  the  center  of  the  sou;  a  area  (dashed  tine). 

Magnetic  field  components  perpendicular  to  the  surface 
of  the  sphere  are  calculated  by  Biot-Savart  low. 

RESULTS  AND  DISCUSSION 

Figure  3  shows  the  wave  forms  of  magnetic  fields  gen¬ 
erated  by  multiple  dipoles  that  move  in  the  dipole  layer,  and 
the  wave  forms  generated  by  a  fixed  dipole  that  locates  at  the 
center  of  the  dipole  layer.  The  magnetic  fields  generated  by  a 
single  dipole  show  the  same  pattern  as  the  change  of  dipole 
moment,  whereas  the  magnetic  fields  generated  by  multiple 
dipoles  have  various  patterns  which  are  different  according 
to  the  measurement  points.  In  particular,  the  peak  latency 
varies  with  the  measurement  point.  The  delay  of  the  latency 
is  noticeable  in  the  points  away  from  the  source  area. 

Figure  4  shows  the  distributions  of  the  latency  at  the 
peak  of  the  N  pole  of  magnetic  fields  on  the  surface  of  the 
sphere.  That  is,  the  contour  lines  show  the  arrival  time  of  the 
peak  of  magnetic  fields.  The  depth  of  the  dipole  layer  from 
the  surface  of  the  sphere  is  changed  at  20,  50,  and  70^  mm. 
The  contour  of  the  latency  is  quantized  by  eight  levels  in  the 
map.  The  patterns  of  distributions  of  peak  latency  vary  in  the 
positions  of  dipole  layer.  When  the  dipole  layer  is  located 
deeper  in  the  head,  a  widespread  region  is  influenced  in  la¬ 
tency. 

Figure  5  shows  the  change  of  wave  forms  of  magnetic 
fields  at  the  point  C3  when  the  direction  of  traveling  dipoles 


early  lale 


FIG.  4.  Distributions  of  the  latency  of  peak  magnetic  fields  on  the  surface  of 
the  sphere.  The  depth  of  the  dipole  layer  from  the  surface  of  the  sphere  is 
changed  to  20,  50,  and  70  mm. 


FIG.  S.  Change  of  magnetic  fields  at  C3  when  the  directions  of  propagation 
of  multipi.:  dipoles  change  from  the  horizontal  direction  to  the  vertical  di¬ 
rection.  O'"  shows  a  direction  from  the  left  ear  to  the  right  ear  and  90°  shows 
the  direction  from  the  bottom  to  the  vertex. 


changes  from  the  horizontal  direction  (along  Y  axis)  to  the 
vertical  direction  (along  z  axis).  The  peak  of  the  wave  forms 
occurs  at  an  earlier  time  when  the  direction  of  traveling  di¬ 
poles  changes  f'-om  horizontal  to  vertical. 

Figure  6  shows  the  effects  of  conduction  velocity  of 
propagation  of  excitation  in  the  source  area.  In  this  simula¬ 
tion,  it  is  assumed  that  each  dipole  moment  changes  in  10  ms 
and  the  peak  of  the  dipole  moment  is  3.0X10”’^  A  m.  The 
length  of  the  dipole  layer  is  10  mm.  The  dipole  layer  is 
located  50  mm  under  the  vertex.  Conduction  velocity  of  trav¬ 
eling  dipoles  in  dipole  layer  varies  in  six  cases  (1.25,  2.5,  5, 
10,  20,  and  40  mm/ms).  These  results  show  that  wave  forms 
and  the  amplitude  of  magnetic  fields  are  lemarkably  different 
when  the  conduction  velocity  of  traveling  dipoles  change. 
When  the  dipoles  travel  slowly,  the  amplitude  of  the  mag¬ 
netic  field  is  small  and  the  wave  form  shows  a  trapezoidal 
pattern.  The  amplitude  of  peak  magnetic  field  is  about  25  fT 
(2.5X10“*'’  T).  The  peak  of  wave  forms  becomes  sharp  as 
the  conduction  velocity  increases.  When  the  conduction  ve¬ 
locity  is  40  mm/ms,  the  amplitude  of  peak  magnetic  field  is 
about  300  fT.  These  phenomena  can  be  explained  by  the 
assumption  that  many  dipoles  in  a  wide  area  excite  at  the 
same  time  when  the  conduction  velocity  is  fast.  In  contrast, 
when  the  conduction  velocity  is  slow,  the  number  of  dipoles 


Tune 


FIG.  6.  The  effects  of  conduction  velocity  of  propagation  of  excitation. 
Conduction  velocity  of  multiple  dipoies  in  the  source  layer  varies  in  six 
steps  from  1.25  to  40  mm/ms. 
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excited  at  the  same  time  is  small  and  the  excited  region 
propagates  slowly. 

These  simulated  results  suggest  that  it  is  possible  to  es¬ 
timate  the  spreading  area  of  the  cortical  excitation  and  con¬ 
duction  velocity  of  the  propagation  by  using  the  spatio- 
temporal  pattern  of  magnetic  fields,  in  particular,  peak 
latency,  wave  form,  and  amplitude.  When  both  spatial  and 
temporal  distributions  of  the  magnetic  fields  are  considered 
in  the  inverse  problem  of  MEG  activities,  the  electrical  ac¬ 
tivity  in  the  brain  can  be  estimated  dynamically. 
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Magnetite  coating  prepared  by  ferrite  piating  on  expanded 
poiytetrafiuoroethyiene  membrane  for  medicai  use 
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Japan 

As  the  first  step  to  the  study  of  increasing  biocompatibility  of  expanded  poiytetrafiuoroethyiene 
(EPTFE)  membranes,  cardiovascular  patches  of  EPTFE  substrates  were  coated  with  Fe304  layer, 
which  is  expected  to  accelerate  proliferation  of  endothelial  cells.  The  ferrite  layers  were  formed  by 
the  thin  liquid  film  ferrite  plating  method  at  7=75-90  °C  and  pH  (in  oxidizing  solution) =6.9-7.4. 
At  a  fixed  pH  value,  a  single-phase  Fe304  layer  is  obtained  when  T  is  higher  than  a  threshold 
temperature,  which  increases  with  an  -increasing  pH  value;  below  the  threshold  temperature,  the 
layer  has  an  impurity  phase  of  y-FeOOH.  The  obtained  Fe304  layers  are  polycrystalline  with  no 
preferred  orientation,  having  magnetization  and  coercive  force  which  agree  with  those  reported  for 
bulk  samples. 


I.  INTRODUCTION 

Ferrite  plating  facilitates  the  formation  of  crystalline 
films  of  spinel  ferrites,  containing  various  tran¬ 

sition  metals  A/=Ni,  Co,  Zn,  Mn,  Cr,  etc.*'^  Although  pre¬ 
pared  at  low  temperatures  (<100  °C),  the  magnetic  and  elec¬ 
trical  properties  of  ferrite-plated  films  are  as  good  as  those  of 
the  films  prepared  at  high  temperatures  by  conventional  tech¬ 
niques  (e.g.,  sputting,  pyrolysis).  This  opens  the  door  to  fab¬ 
ricating  ferrite  film  devices  using  as  substrates  nonheat- 
resistant  materials  such  as  plastics  and  biomaterials. 
Furthermore,  ferrite  films  prepared  by  ferrite  plating  irom 
aqueous  solution  are  strongly  compatible  with  water  and  or¬ 
ganic  compounds. 

Thus  the  ferrite-plated  films  have  found  novel  applica¬ 
tions  to  biomedical  use.  Fe304  films  prepared  by  ferrite  plat¬ 
ing  have  been  used  as  glucose  (or  urea)  sensor  electrodes,  in 
which  urease  (or  GOD),  an  enzyme  decomposing  glucose  (or 
urea),  is  fixed  on  the  film  surface  mediated  by  dextran  (a 
saccharose).'*  Polymer  microspheres  coated  by  ferrite  plating 
have  been  used  as  carriers  for  a  clinical  enzyme 
immunoassay,*’®  in  which  antibodies  are  fixed  on  the  ferrite 
layer.  This  novel  type  of  enzyme  immunoassay  (CA19-9, 
CA125,  etc.,  Fujirebio  Inc.)  is  already  on  the  market  ar^*  is 
being  used  clinically  as  cancer  markers. 

It  has  been  suggested  that  an  artificial  blood  vessel  im¬ 
proves  in  performance  if  its  inner  wall  is  coated  with  a  fer¬ 
romagnetic  layer.  This  is  because  the  leakage  flux  from  the 
magnetic  layer  accelerates  the  proliferation  of  endothelial 
cells,  which  enhances  the  biocompatibility  of  the  artificial 
vessel  wall,  preventing  thrombi  (blood  clots)  from  sticking 
onto  the  wall.’’*  This  idea  was  applied  in  an  animal  experi¬ 
ment  in  which  magnetic  flux  was  applied  to  the  inner  wall  of 
an  artificial  blood  vessel  (embedded  in  the  body  of  a  living 
dog)  by  a  ferromagnetic  metal  tape  which  surrounded  the 
vessel.  The  results  revealed  that  the  endothelial  reorganiza¬ 
tion  on  the  surface  of  the  vessel  surrounded  by  the  magnetic 
tape  was  enhanced  significantly  as  compared  to  that  obtained 
on  a  control  (a  vessel  not  surrounded  by  the  magnetic  tape). 
To  realize  this  idea  ultimately  in  a  clinical  environment,  we 
must  coat  the  inner  wall  of  an  artificial  vessel  with  a  fenite 
layer  (a  metal  layer  is  unsuitable  because  it  is  toxic  to  a 


living  body)  at  low  temperatures,  because  artificial  blood 
vessels  are  made  of  a  polymer  which  lacks  heat  resistance. 
Conventional  ferrite  film  preparation  techniques  (e.g.,  sput¬ 
tering,  pyrolysis,  etc.)  require  heating  of  substrate  at  above 
several  100  °C  for  crystallization  of  ferrite,  and  also  they  are 
inadequate  to  deposite  ferrite  film  on  inner  wall  of  a  tube, 
especially  when  it  is  long.  Ferrite  plating,  on  the  other  hand, 
can  easily  coat  the  inner  wall  of  a  long  tube  by  flowing  the 
aqueous  solution  inside  the  tube  at  low  temperature. 

Current  artificial  blood  vessels  are  made  of  extended 
poiytetrafiuoroethyiene  (EPTFE).  As  the  first  step  to  the 
study  of  the  ferrite-inner-wall-coated  artificial  vessel,  a  mag¬ 
netite  (Fe304)  layer  is  deposited  by  the  ferrite  plating  method 
on  substrates  of  EPTFE  patches. 

In  this  paper  we  describe  the  conditions  for  which  Fe304 
layer  is  successfully  deposited  on  the  EPTFE  patch,  and  re¬ 
port  the  structural  and  magnetic  properties  of  the  ferrite 
layer. 


II.  EXPERIMENT  AND  RESULTS 

By  the  thin  liquid  film  method®  Fe304  layers  were  de¬ 
posited  at  75-90  “C  on  substrates  (1.5X1.0X0.6  mm*)  of  an 
EPTFE  patch  [a  cardiovascular  patch  (GORE-TEX,  PC06)]. 
Prior  to  plating,  the  substrates  were  exposed  to  a  rf-excited 
oxygen  plasma  (frequency:  13.56  MHz,  power:  30  W,  pres- 
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FIG.  1.  Phase  diagram  of  ferrite  layers  formed  at  various  temperatures  and 
pH  values. 
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FIG.  2.  X-ray  diffraction  diagrams  of  (A)  EPTFE  substrate  and  (B)  and  (C) 
ferrite  layers  formed  under  varying  conditions.  (O)  scattering  due  to  Fe304, 
(V)  scattering  due  to  y-FeOOH. 

sure:  0.2  Torr)  for  1  min  to  increase  the  wettability  of  the 
surface.*”  A  reaction  solution  of  FeCl2  (3  g/1,  pH=6.8)  and 
an  oxidizing  solution  were  conducted  for  about  1  h  through  a 
gap  (~1.0  mm)  between  substrate  surface  and  glass  cell 
wall. 

nie  crystallographic  phase,  morphology,  and  magnetic 
properties  of  the  plated  layers  were  examined  by  a  CuKa 
x-ray  diffractometer,  a  scanning  electron  microscope  (SEM), 
and  a  vibrating  sample  magnetometer  (VSM)  at  room  tem¬ 
perature.  The  chemical  composition  of  the  ferrite  layers  was 
analyzed  with  an  inductively  coupled  plasma  (ICP)  spectro¬ 
scope,  after  dissolving  the  ferrite  films  in  a  50%  HCl  solu¬ 
tion.  The  thickness  of  the  layer  was  calculated  from  the  re¬ 
sults  of  the  chemical  analysis  assuming  that  the  density  of 
the  layer  is  the  same  as  that  of  a  bulk  sample. 

Figure  1  shows  a  phase  diagram  of  the  layers  deposited 
at  various  temperatures  and  pE  values.  Single-phase  spinel 
(Fe304)  type  layers  grow  only  when  the  temperature  is 
higher  than  threshold  temperature  shown  by  a  dashed  line  in 


FIG.  3.  Deposition  rate  of  Fe}04  layer  plotted  as  a  function  of  synthesizing 
temperature. 


FIG.  4.  SEM  observations  on  (a)  EPTFE  patch  substrate  and  ferrite  layers 
formed  on  the  EPTFE  substrate  at  (b)  T=75°C,  pH=7.0,  (c)  T=80°C, 
pH=7.2,  and  (d)  7'=87  "C,  pH=7.15. 


the  figure.  The  threshold  temperature  increases  linearly  with 
increasing  pH  value.  Below  the  threshold  temperature  line, 
the  impurity  phase  of  y-FeOOH  appears  in  x-ray  diffraction 
diagram,  as  shown  in  Fig.  2.  This  is  consistent  with  the 
known  fact  that,  in  ferrite  plating  of  Fe304,  y-FeOOH  is 
synthesized  as  a  precursor  from  which  Fe304  is  produced.** 
The  Fe304  layers  are  polycrystalline  having  no  crystallo¬ 
graphic  orientation. 

Figure  3  shows  the  deposition  rate  of  the  single-phase 
Fe304  layer  plotted  as  a  function  of  te->perature.  The  rate 
increases  with  temperature,  from  ~200  Wmin  at  80  °C  to 
~400  A/min  at  90  "C.  These  values  agree  with  those  ob¬ 
tained  for  Fe304  plating  on  substrates  of  continuous  media 
[e.g.,  glass,  polyethlanetelephthalate  (PET),  etc.]. 

Figure  4  shows  SEM  photographs  for  the  EPTFE  patch 
substrate  and  the  layers  deposited  on  it  at  various  tempera¬ 
tures  and  pH  values.  The  substrate  [Fig.  4(a)]  has  a  web 
structure  of  PTFE  fibers  with  various  thicknesses.  The  ferrite 
layer  of  single-phase  Fe304  [Fig.  4(d)]  forms  a  continuous 
layer  on  the  porous  substrate  surface,  while  the  layers  with 
impurity  phase  [Figs.  4(b)  and  4(c)]  are  discontinuous  and 
porous  with  acicular  or  angular  grains. 
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FIG.  S.  Magnetization  curve  for  a  single-phase  Fe^04  layer  (deposited  at 
7'=87'’C,  pH=7.15),  obtained  applying  external  field  parallel  to  layer 
plane. 

A  typical  example  of  a  magnetization  curve  for  these 
specimens  is  shown  in  Fig.  5.  Ferrite  layers  of  single-phase 
Fe304  have  magnetization  of  about  80-90  emu/g  and  coer¬ 
cive  force  of  about  40-70  Oe,  which  agree  with  those  re¬ 
ported  for  bulk  samples  of  Fe304. 

III.  CONCLUSIONS 

By  using  the  thin  liquid  film  method,  iron  monooxide 
layers  were  successfully  deposited  on  EPTFE  patches  at  vari¬ 
ous  temperatures  and  pH  values  of  oxidizing  solution.  For  a 


fixed  pH  value,  a  threshold  temperature  exists,  above  which 
single-phase  Fe304  layer  is  obtained.  Below  the  threshold 
temperature,  the  layer  has  an  impurity  phase  of  'j«-FeOOH, 
the  precursor  from  which  Fe304  is  produced  in  ferrite  plat¬ 
ing.  The  Fe304  layers  are  polycrystalline  with  no  crystallo¬ 
graphic  prefened  orientation,  and  have  magnetic  properties 
which  agree  with  those  of  bulk  sample  of  Fe304.  Biocom¬ 
patibility  of  the  Fe304  layers  will  be  examined  in  future  in¬ 
vestigations. 
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Redistribution  of  dissolved  oxygen  concentration  under  magnetic  fields 
up  to  8 1 

"  S!  Ueno,  M:  Iwasaka,  and  T:  Kitajima 

■  Biomdgnetics  and  Biosystems  Laboratory, ‘  Department  of  Computer  Science  and  Communication 
Engineermg,  F.aculty  of  Engineeri;.g,  Kyushu  University,  Fukuoka  812,  Japan 

The  ^uehce  of  static  magnetic  fields  on  the  behavior  of  oxygen  dissolved  in  an  aqueous  solution 
was  studied  in  orfe  to  clarify’  the  interaction  mechanism  of  dynamic  movements  of  dissolved 
oxygen  with  magnetic  fields  and  to  broaden  the  basic  understanding  of  biological  effects  of 
magnetic  fields.  A  horizontal  type  of  superconducting  magnet  with  a  bore  100  mm  in  diameter  was 
used.  A  cy’ii  drical  chamber  filled  with  distilled  water  was  exposed  to  magnetic  fields  up  to  8  T  and 
a  gradient  of  50  T/m.-The  spatial  distribution  of  oxygen  concentration  dissolved  in  water  was 
measured  by  a  dissolved  oxygen  meter.  A  clear  redistribution  of  oxygen  concentration  was  observed, 
and  the  dissolved  oxygen  concentration  increased  more  than  10%  around  the  center  of  the  magnet. 


I.  INTRODUCTION 

It  is  an  interesting  problem  for  human  beings  whether  or 
not  magnetic  fields  have  any  iniluence  on  the  life  processes 
in  living  systems.  Numerous  investigations  of  magnetic  field 
effects  on  biological  systems  have  been  reported.*"'*  How¬ 
ever,  the  biological  effects  of  static  magnetic  fields  have  not 
yet  been  clarified.  Among  several  reviews  and  papers,  the 
importance  of  the  role  of  oxygen  has  been  suggested  by  Ac- 
eto,  Tobias,  and  Silver.^ 

Since  oxygen  is  a  paramagnetic  molecule,  recognition  of 
a  paramagnetic  component  has  been  emphasized  in  unravel¬ 
ling  the  underlying  mechanisms  in  magnetic  field  effects  on 
life  processes.  In  spite  of  the  importance  of  the  topic,  no 
experiment  has  been  carried  out  to  determine  quantitative 
relationships  between  the  intensity  of  dc  magnetic  fields  and 
the  behavior  of  oxygen  gas  dissolved  in  aqueous  solution. 

In  our  previously  reported  experiment  using  an  electro¬ 
magnet  with  1.0  T  and  the  gradient  of  10  T/m,  redistribution 
of  dissolved  oxygen  was  observed  during  oxygen  desorption 
and  ai  rption  processes,  but  no  redistribution  of  dissolved 
oxygen  was  observed  in  an  equilibratory  state  of  oxygen 
pressure.* 

The  effect  of  magnetic  fields  produced  by  a  permanent 
magnet  on  oxygen  dissolved  in  saline  solution  has  also  been 
studied  by  a  Russian  group.* 

In  relation  to  oxygen  dynamics  in  water,  we  observed 
oxygen  dynamics  in  air.  We  have  observed  the  phenomenon 
that  candle  flames  are  pressed  down  by  magnetic  fields.^  We 
have  also  observed  the  phenoiienon  that  flow  patterns  of 
gases  are  influenced  by  magnetic  fields.*  A  model  called  a 
magnetic  curtain  has  been  introduced  to  explain  these 
phenomena.*’^  The  magnetic  curtain  is  an  invisible  barrier 
which  is  produced  in  air  by  the  interaction  between  magnetic 
fields  and  paramagnetic  oxygen  molecules.  We  have  demon- 
str^'-'d  that  candle  flames  are  extinguished  by  the  magnetic 
fielua.*®  The  interception  of  oxygen  by  the  magnetic  curtain 
extinguishes  flames.  To  explain  the  mechanism  of  magnetic 
curtain,  a  collision  model  has  been  simulated,  introducing  a 
technique  of  molecular  dynamics.**  We  observed  the  oxygen 
concentration  in  air  by  a  manometer,  however,  the  oxygen 
concentration  was  not  influenced. 


The  purpose  of  this  paper  is  to  investigate  the  influence 
of  intense  magnetic  fields  up  to  8  T  on  oxygen  gas  dissolved 
in  water.  An  experiment  was  carried  out  to  determine  the 
rdationship  between  the  applied  magnetic  field  and  spatial 
distributions  of  oxygen  concentration  in  water.  A  definite  re¬ 
distribution  of  oxygen  concentration  was  realized  by  mag¬ 
netic  fields  with  8  T  and  the  gradient  of  50  T/m. 

II.  METHOD 

The  experimental  setup  is  shown  in  Fig.  1.  We  used  a 
horizontal  type  of  superconducting  magnet  with  a  bore  100 
mm  in  diameter  and  700  mm  long  as  shown  in  Fig.  2.  It 
produces  strong  magnetic  fields  up  to  8  T  and  the  gradient  of 
50  T/m.  When  the  magnet  produces  8  T  at  its  center,  the 
maximum  product  of  the  magnetic  field  and  the  gradient  is 
400  T^/m  at  2= ±75  mm,  where  the  z  axis  is  directed  to  the 
bore  axis. 

An  acrylic  cylindrical  water  chamber  (30  mm  in  diam¬ 
eter,  620  mm  long)  was  filled  100%  with  distilled  water.  The 


FIG.  1.  Experimental  setup.  A  horizontal  type  of  superconducting  magnet 
with  a  bote  100  mm  in  diameter  produced  magnetic  fields  up  to  8  T.  An 
acrylic  chamber  Oiled  with  distilled  water  was  inserted  into  the  bore  of  the 
magnet.  The  water  chamber  was  exposed  to  magnetic  flelds,  and  the  oxygen 
concentration  was  measured  by  a  dissolved-oxygen  (DO)  meter. 
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FIG.  2.  The  shape  of  the  superconducting  magnet  and  magnetic  field  B,  and 
the  gradient  of  magnetic  field  with  respect  to  the  bore  axis,  or  z  axis  dB/dz. 


dissolved  oxygen  concentration  was  controlled  by  introduc¬ 
ing  oxygen  gases  into  the  distilled  water. 

The  cylindrical  chamber  was  inserted  into  the  bore,  and 
the  dissolved  oxygen  concentration  was  measured  by  a 
dissolved-oxygen  meter  (DO  meter).  The  probe  of  the  DO 
meter  was  fixed  at  the  edge  of  the  chamber.  The  chamber 
v/as  moved  together  with  the  probe  in  the  direction  of  bore  of 
the  magnet. 

III.  RESULTS  AND  DISCUSSION 

The  effect  of  an  8  T  magnetic  field  on  dissolved  oxygen 
concentration  is  shown  in  Fig.  3.  The  probe  fixed  at  the  cy¬ 
lindrical  chamber  was  inserted  into  the  center  of  the  magnet 
from  the  edge  of  the  bore,  the  probe  always  looked  toward 
the  center  of  the  magnet.  Before  the  cylindrical  chamber  was 
inserted  into  the  bore,  the  dissolved  oxygen  concentration  in 
ar  equilibratory  state  was  7.8  mg/1  at  25  "C.  The  chamber 


FIG.  4.  Spatial  distribution  of  oxygen  concentration  in  water.  The  chamber 
was  passed  through  the  bore.  The  probe  of  the  DO  meter  looked  toward  the 
edge  of  the  bore  after  the  probe  passed  through  the  magnet’s  center. 


was  exposed  to  8  T  magnetic  fields.  At  the  edge  of  the  su¬ 
perconducting  magnet,  the  dissolved  oxygen  concentration 
slightly  decreased  to  7.7  mg/1.  The  dissolved  oxygen  concen¬ 
tration  gradually  increased  to  8.6  mg/1  at  z=±60  mm,  and 
8.3  mg/1  in  the  center  of  the  magnet.  The  data  in  Fig.  3  were 
normalized  by  the  value  in  an  equilibratory  state,  i.e.,  7.8 
mg/1. 

We  also  measured  the  oxygen  concentration  in  a  differ¬ 
ent  procedure.  The  results  are  shown  in  Fig.  4.  The  probe 
was  passed  through  the  bore  from  one  edge  to  the  other. 
Before  the  probe  passed  through  the  center  of  the  magnet,  it 
detected  increased  oxygen  concentration.  When  the  probe 
passed  through  the  center  of  the  magnet,  it  detected  an  even 
higher  oxygen  concentration. 

Because  oxygen  molecules  were  attracted  toward  the 
center  of  the  magnet,  the  probe  of  the  DO  meter  sensed  more 
oxygen  molecules  when  the  head  of  the  probe  looked  toward 
the  edge  of  magnet’s  bore. 

To  observe  more  clearly  the  redistributions  of  oxygen 
concentration  by  gradient  magnetic  field,  we  introduced  oxy¬ 
gen  gases  into  the  distilled  water  so  that  the  oxygen  concen¬ 
tration  was  saturated.  The  results  are  shown  in  Fig.  5.  Com¬ 
pared  to  the  distilled  water,  the  oxygen  concentration  of  the 
oxygen-bubbled  water  (oxygen  introduced  into  the  distilled 
water)  in  the  center  of  the  magnet  increased  about  20%.  The 


FTG.  3.  Spatial  distribution  of  oxygen  concentratic.-.  ir.  water.  The  chamber 
was  inserted  into  the  center  of  the  magnet  from  the  edge.  The  probe  of  the 
DO  meter  always  looked  toward  the  center  of  the  magnet. 


FIG  5.  Spatial  distnbution  of  oxygen  concentration  m  water  (comparing 
distilled  water  to  oxygen-bubbled  water). 
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results  obtained  show  that  the  magnetic  force  affects  dis¬ 
solved  oxygen  in  water. 

In  the  present  study  we  used  a  superconducting  magnet 
which  produced  strong  magnetic  fields  up  to  8  T  and  a  gra¬ 
dient  of  50  T/m,  and  the  magnetic  force  of  400  T^/m  was 
strong  enough  to  act  on  the  movement  of  oxygen  molecules 
dissolved  in  water. 
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Properties  of  diamagnetic  fluid  in  high  gradient  magnetic  fields 
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This  study  focuses  on  the  properties  of  diamagnetic  fluid  in  static  magnetic  fields  up  to  8  T  with  the 
gradient  of  50  T/m.  We  used  a  horizontal  type  of  superconducting  magnet  with  a  bore  100  mm  in 
diameter  and  700  mm  long.  We  observed  the  phenomenon  that  the  surface  of  the  water  was  pushed 
back  by  magnetic  fields  of  higher  gradients.  TWo  “firozen”  cascades  were  formed  at  z= ±50-80 
mm;  the  surface  of  the  water  near  the  center  of  the  magnet  was  parted,  and  the  bottom  of  the  water 
chamber  appeared.  The  water  level  at  both  ends  of  the  chamber  was  lifted  up.  In  order  to  investigate 
the  hydrodynamics  of  diamagnetic  fluid  in  magnetic  fields,  we  made  a  fluidic  circuit  with  plastic 
tubing  which  passed  through  the  superconducting  magnet’s  bore.  When  magnetic  fields  in  the  center 
of  the  bore  were  changed  from  0  to  8  T,  the  flow  velocity  of  distilled  water  decreased,  and  the  flow 
was  stopped  at  8  T.  A  stress  analysis  of  diamagnetic  fluid  in  magnetic  fields  was  carried  out  to 
explain  the  mechanism  of  these  phenomena.  The  hydrodynamics  of  diamagnetic  fluid  in  ~400  T^/m 
is  able  to  compare  with  that  of  ferromagnetic  fluid  in  weak  magnetic  fields.  Studying  the  role  of 
diamagnetic  fluid  in  gradient  magnetic  fields  is  important  in  understanding  the  mechanism  of 
biological  effects  of  magnetic  fields. 


I.  INTRODUCTION 


C.  Hydrodynamic  experiments 


Water,  which  is  a  diamagnetic  material,  is  one  of  the 
most  general  and  abundant  diamagnetic  fluids.  It  is  an  inter¬ 
esting  problem  for  the  human  being  whether  or  not  magnetic 
fields  have  any  influence  on  water.  Diamagnetic  water  is  of¬ 
ten  used  for  calibration  and  correction  in  determining  mag¬ 
netic  susceptibilities  of  materials  by  the  magnetic  balance 
systems. 

However,  little  has  been  observed  about  the  hydrody¬ 
namic  behavior  of  water,  or  diamagnetic  fluid,  in  horizontal 
magnetic  fields  of  100-1000  T^/m  order. 

In  this  paper,  we  investigate  the  dynamic  behavior  of 
water  in  high  gradient  magnetic  fields,  using  a  horizontal 
type  of  superconducting  magnet,  which  produces  magnetic 
fields  up  to  8  T.  We  carry  out  a  stress  analysis  of  a  diamag¬ 
netic  fluid  in  high  gradient  u.ignetic  fields.  Furthermore,  we 
show  a  model  experijnent  for  effects  of  magnetic  fields  on 
water  flow. 


II.  METHODS 

A.  Magnetic  fields  exposure  system 

We  used  a  horizontal  type  of  superconducting  magnet 
with  a  bore  100  mm  in  diameter  and  700  mm  long.  When  the 
magnet  produced  8  T  at  its  center,  the  maximum  product  of 
the  magnetic  field  and  the  gradient  was  400  T^/m  at  z=±75 
mm,  where  the  z  axis  was  directed  to  the  bore  axis.  A  distri¬ 
bution  of  magnetic  fields  is  shown  in  Fig.  1. 


B.  Water  chamber 

A  water  chamber,  50  mm  wide,  23  mm  high,  and  700 
mm  long  was  filled  50%  with  distilled  water,  which  is  a 
diamagnetic  material.  The  water  chamber  was  inserted  into 
the  bore  of  the  magnet. 


In  order  to  investigate  the  hydrodynamics  of  diamag¬ 
netic  fluid  in  magnetic  fields,  we  formed  a  fluidic  circuit  with 
plastic  tubing  which  passed  through  the  superconducting 
magnet’s  bore  as  shown  in  Fig.  2.  We  used  a  plastic  tubing 
made  of  vinyl  chloride  with  8  mm  in  inner  diameter.  Dis¬ 
tilled  water  ran  in  the  tube  along  the  z  axis  of  the  magnet’s 
bore.  Changes  of  flow  velocities  were  measured  by  a  flow 
meter.  The  tubing  was  hard  enough  to  eliminate  contribu¬ 
tions  of  any  stress  induced  changes  in  the  plastic  tubing. 

To  investigate  the  effects  of  dissolved  oxygen  on  the 
flow  of  diamagnetic  fluid,  oxygen  gas  was  bubbled  into  dis¬ 
tilled  water,  and  the  flow  velocities  were  measured. 


100  mm 


FIG.  1.  Horizontal  superconducting  magnet  and  the  distributions  of  mag¬ 
netic  fields.  Fj  is  the  product  of  magnetic  fields  and  gradient. 
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FIG.  2.  Experimental  setup  for  water  flow  experiment  with  a  fluidic  cir¬ 
cuit  with  plastic  tubing  which  is  passed  through  the  superconducting 
magnet’s  bote. 


ill.  RESULTS  AND  DISCUSSION 
A.  Behavior  of  water  In  magnetic  fields 

When  the  water  chamber  was  inserted  into  the  bore  of 
the  magnet,  we  observed  the  phenomenon  that  the  surface  of 
the  water  was  pushed  back  by  magnetic  fields  of  higher  gra¬ 
dients.  Two  “frozen”  cascades  were  formed  at  z= ±50-80 
mm  as  shown  in  Fig.  3;  the  surface  of  the  water  near  the 
center  of  the  magnet  was  parted,  and  the  bottom  of  the  water 
chamber  appeared.  The  water  level  at  both  ends  of  the  cham¬ 
ber  was  lifted  up. 

We  also  realized  the  “frozen”  cascades  with  agarose  gel. 
The  agarose  solution  was  coagulated  into  a  gel  state  in  the 
superconducting  magnet.  Figure  4  shows  that  the  surface  of 
the  agarose  gel  was  formed  in  the  same  manner  as  in  the 
water  experiment. 

A  stress  analysis  was  carried  out  to  explain  the  mecha¬ 
nism  of  the  formation  of  the  “frozen”  cascades. 

The  stress  tensor  of  a  diamagnetic  fluid  (in  indicial  no¬ 
tation)  is  given  by 

^nj={p'”^tiQH^I2  +  tiQMHI2)n„  (1) 

0”*=- PqMHI2  + pS  M  dH-pgz  + const,  (2) 

Jo 

where  n=(«,  ,«^  ,0^)  is  a  unit  vector  that  is  perpendicular  to 
the  water  surface,  p”  is  the  static  fluid  pressure,  Pq  is  the 


"Frozen"  cascades 


FIG.  4.  A  photograph  of  “frozen  cascades”  of  agarose  gel  that  formed  in 
magnetic  fields  up  to  8  T. 


magnetic  permeability,  p  is  mass  per  unit  volume,  g  is  gravi¬ 
tational  constant,  M  is  the  magnetization  of  diamagnetic 
fluid,  and  //  is  a  magnetic  field.' 

On  the  other  hand,  the  stress  tensor  that  is  outside  of  the 
diamagnetic  fluid  is  given  by 

^nj=-ip°+PoHV2)ni,  (3) 

where  p®  is  the  environmental  pressure. 

On  the  surface  of  the  “frozen”  cascades,  Tutti  equal  to 

n-r 

Equations  (1),  (2),  and  (3)  can  be  combined  to  give 

z=h  =  {po/pg)\  M  dH=Xm/J'oH^/'2'pg-  (4) 

Jo 

The  distribution  of  h  given  by  Eq.  (4)  is  shown  in  Fig.  5. 
It  seems  that  the  curve  in  Fig.  5  corresponds  to  the  surface 
lines  of  the  “frozen”  cascades.  The  behavior  of  water  in 


'’IG.  3.  An  illustration  of  “frozen  cascades”  of  water  in  gradient  magnetic 
fields  up  to  8  T. 


FIG.  5.  Formation  of  “frozen  cascades”  of  diamagnetic  fluids.  The  curve  is 
obtained  by  stress  analysis. 
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FIG.  6.  Effects  of  magnetic  fields  up  to  8  T  on  water  flow. 


horizontal  high  gradient  magnetic  fields  and  the  formation  of 
“fi-ozen”  cascades  are  understood  by  this  stress  analysis. 

In  reference  to.the  properties  of  diamagnetic  materials  in 
vertical  magnetic  fields,  there  is  a  report  about  a  numerical 
analysis  of  the  necessary  conditions  for  magnetic  levitation 
of  diamagnetic  particles.* 

B.  Hydrodynamic  experiments 

Figure  6  shows  the  results  of  an  experiment  of  water 
flow  in  magnetic  fields.  When  magnetic  fields  in  the  center 
of  the  bore  were  changed  from  0  to  8  T,  the  flow  velocity  of 
distilled  water  (2.0  ml/s,  18  mm/s)  decreased  and  the  flow 
was  stopped  at  8  T. 

To  investigate  the  effects  of  paramagnetic  molecules,  or 
dissolved  oxygen,  on  the  flow  of  diamagnetic  fluid,  oxygen 
gas  was  bubbled  into  distilled  water.  Changes  of  flow  veloc¬ 
ity  resulting  from  the  interaction  of  paramagnetic  and  dia¬ 
magnetic  materials  with  magnetic  fields  were  observed.  As 
shown  in  Fig.  6,  the  result  was  that  flow  velocity  decreased 
compared  to  that  of  fluid  without  dissolved  oxygen. 


The  flow  of  distilled  water  containing  dissolved  oxygen 
(2.0  ml/s,  18  mm/s)  was  stopped  when  the  magnetic  field  in 
the  center  of  the  bore  was  6  T.  These  results  show  that  flow 
of  diamagnetic  fluid  is  controlled  by  8  T  magnetic  fields. 

iV.  CONCLUSION 

We  have  observed  the  phenomenon  that  diamagnetic 
fluid,  such  as  water,  behaves  dynamically  in  high  gradient 
magnetic  fields  of  up  to  8  T  and  50  T/m.  The  hydrodynamics 
of  diamagnetic  fluid  in  ~400  T^/m  is  able  to  compare  with 
that  of  fenomagnetic  fluid  in  weak  magnetic  fields. 

Using  a  horizontal  type  of  superconducting  magnet  with 
high  gradient  fields  allowed  us  to  observe  a  phenomenon;  the 
surface  of  the  water  near  the  center  of  the  magnet  was  parted, 
and  the  bottom  of  the  water  chamber  appeared. 

We  also  have  shown  experimental  results  that  indicate  a 
possibility  in  flow  control  of  diamagnetic  fluid  by  magnetic 
fields  of  up  to  8  T  and  50  T/m. 

These  results  indicate  that  when  a  living  body  is  exposed 
to  magnetic  fields  of  100-500  T^/m  order,  diamagnetic  liq¬ 
uids  such  as  water  in  tissues  are  affected  by  magnetic  forces. 
Remarkable  effects  of  high  gradient  magnetic  fields  are  ex¬ 
pected  in  blood  circulation,  cerebral  spinal  fluid  system,  and 
other  intracellular  and  extracellular  solutions. 

Studying  the  role  of  diamagnetic  fluid  in  gradient  mag¬ 
netic  fields  is  important  in  understanding  the  mechanism  of 
biological  effects  of  magnetic  fields.  The  phenomena  ob¬ 
served  in  the  present  experiments  will  provide  a  new  aspect 
to  applied  physics  and  biomagnetics. 
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Influence  of  ultraworking  frequency  alternating  weaking  magnetic  field 
on  the  microvasculture  of  mice  (abstract) 

Ningjiang  Yang®^ 

Department  ofPatholosy,  465th  Air  Force  Hospital,  Jilin  City  132011,  China 

Changmin  Zhang*’^ 

Department  of  Physiotherapy,  465th  Air  Force  Hospital,  Jilin  City  132011,  China 

The  physical  effect  produced  by  the  ultraworking  frequency  alternating  weaking  magnetic  field 
(UWFAWM)  is  demagnetization.  We  used  two  methods  to  study  the  influence  of  UWFAWM  on  the 
microvasculture  of  Kunmin  mice.  Method  1  (in  vivo)  included  21  mice  (the  experimental  group  11 
and  the  control  group  10).  Method  2  (in  vitro)  included  25  mice  (the  experimental  group  13,  the 
control  group  12).  fech  group  was  put  in  the  coil  of  the  JDM-1  TVpe  Demagnetometer  which 
produced  UWFAWM.  The  coil  was  electrified  for  the  experimental  groups,  but  not  for  the  control 
groups,  for  20  min,  once  a  day.  (1)  Method  1.  On  the  10th  day  of  demagnetization,  the  surface 
microvascultural  diameters  of  liver  and  mesenterium  were  measured  in  two  groups.*  The  results 
showed  that  those  in  the  experimental  group  (25.05±3.92  pm  and  24.44±4.  7  pm,  respectively) 
were  markedly  greater  than  those  in  the  control  group  (10.70±1.72  pm  and  18.37±1.93  pm, 
respectively.  (2)  Method  2.  On  the  40th  day  of  demagnetizing,  we  killed  all  mice  and  immediately 
preserved  the  brain,  heart,  lung,  liver,  kidney,  stomach,  intestine,  and  submandibular  gland  in  10% 
formalin,  then  used  continuous  paraffin  sections  of  5  pm  and  HE  stain,  and  measured  the 
microvascular  diameter  of  each  group.^  The  results  showed  that  mean  diameters  of  the  organs  in  the 
experimental  group  were  also  significantly  greater  than  those  in  the  control  group  (p<0.01).  This 
study  confirms  that  UWFAWM  can  dilate  the  microvascultures  of  various  organs,  resulting  in  local 
aterial  hyperemia  of  the  organ,  advance  local  tissue  metabolism,  and  an  increase  in  organic  function, 
thus  providing  a  basis  for  treating  some  diseases  and  for  health  care. 


•’Member  of  Chinese  Institute  of  Pathology. 

’’’Member  of  Chinese  Institute  of  Physiology, 
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Enzymatic  oxidation-reduction  processes  under  magnetic  fieids 
up  to  8  T  (abstract) 

M.  Iwasaka  and  S.  Ueno 

Department  of  Computer  Science  and  Communication  Engineering,  Biomagnetics  and  Biosystems 
Laboratory,  Faculty  of  Engineering,  Kyushu  University,  Fukuoka  812,  Japan 

The  question  of  whether  magnetic  fields  affect  enzymatic  activities  or  not  is  of  considerable  interest 
in  biochemistry  and  in  biomagnetics.  Xanthine  oxidase,  contained  in  liver,  lungs,  intestine,  and  other 
organs,  catalyzes  the  degradation  of  hypoxanthine  to  xanthine,  and  xanthine  to  uric  acid,  which  is 
the  terminal  waste  of  purine  nucleotides  in  mammals.  During  the  oxidation  of  xanthine,  the  enzyme 
releases  superoxide  anion  radicals  as  intermediates  which  reduce  ferricytochrome  c  (Fe^"^). 
Superoxide  anion,  as  well  as  any  type  of  free  radical,  is  also  paramagnetic.  The  study  is  focused  on 
whether  these  magnetically  related  enzymatic  activities  can  be  affected  by  magnetic  fields.  There  is 
a  possibility  that  free  radicals,  as  intermediates,  can  be  modified  by  magnetic  fields  of  specific 
intensities.  In  our  previously  reported  study,  we  examined  a  possible  effect  of  magnetic  fields  up  to 
1.0  T  on  biochemical  reaction  catalyzed  by  xanthine  oxidase,  and  obtained  negative  results.^  In  the 
present  abstract,  we  examine  the  effect  of  magnetic  fields  up  to  8  T  on  this  oxidation-reduction 
process.  Reduced  cytochrome  c  (Fe^"*^)  has  an  absorption  maximum  at  550  nm  which  can  be 
detected  by  a  spectrophotometer.  Xanthine  oxidase  was  assayed  by  superoxide 
dismutase — inhibitable  reduction  of  cytochrome  c.  We  measured  optical  absorbance  of  reduced 
cytochrome  c  by  superoxide  anion  which  was  produced  by  the  reaction  catalyzed  by  xanthine 
oxidase.  The  absorbances  of  the  mixture  exposed  to  an  8  T  magnetic  field  at  25  °C  were  higher  than 
control  samples  in  the  re-oxidation  proces  of  cytochrome  c.  The  results  show  that  the  8  T  magnetic 
fields  altered  the  rate  of  reduction  of  cytochrome  c  by  superoxide  anion  which  was  produced  by  the 
reaction  catalyzed  by  xanthine  oxidase.  It  may  conclude  that  the  electron  transfer  from  xanthine  to 
molecular  oxygen  or  the  transfer  from  superoxide  anion  to  cytochrome  c,  can  be  affected  by  the 
magnetic  fields  up  to  8  T. 


'S.  Ueno  and  K.  Harada,  IEEE  Trans.  Magn.  MAG-22  (No.  5),  868  (1986). 


Induction  of  mutations  by  magnetic  field  for  the  Improvement 
of  sunflower  (abstract) 

V.  Kiranmai 

Cytogenetics  and  Tissue  Culture  Lab.,  Dept,  of  Botany,  Osmania  University,  Hyderabad  500  007,  A.P.,  India 

Mutagenic  effect  of  magnetic  field  was  studied  in  two  varieties  of  Helianthus  annus  L.  var.  S.S.56 
and  CO-2.  Dry  seeds  of  both  the  varieties  were  exposed  to  1(X)0, 2000,  and  3000  G  of  magnetic  field 
for  over  90  min.  The  parameters  screened  were  germination  percentage,  plant  height,  days  to 
flowering,  days  to  maturity,  and  yield  of  the  plant.  The  mutants  obtained  were  tall  mutant,  dwarf 
mutant,  early  flowering  mutant,  branched  mutant,  bold  seeded  mutant,  and  stripped  seed  mutant. 
The  mutants  were  screened  for  biochemical  analysis.  Oil  content  and  fatty  acid  analysis  of  the  seeds 
were  done  by  NMR  and  GLC  techniques,  respectively.  Quantitative  and  qualitative  analysis  of  the 
proteins  in  leaf  and  seeds  were  done  for  all  the  mutants  obtained,  along  with  the  electrophoretic 
studies  among  the  three  doses  studied,  2000  G  was  found  to  produce  positive  mutations  in  both 
varieties  of  s-.-nflower. 
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The  magnetic  transformation  of  iron  hydroxides  under  the  action  of  micro¬ 
organism  (Azotobacter  vinelandii)  (abstract) 

Nadezda  V.  Verkhovtseva 

State  University,  Yaroslavl,  Russia 

Irina  V.  Shpilkina 

Polytechnical  Institute,  Yaroslavl,  Russia 

Vyacheslav  F.  Babanin 

Polytechnical  Institute,  Yaroslavl,  Russia 

To  analyze  the  action  of  Azotobacter  vinellandii  intact  cells  on  synthetic  high-dispersed  iron 
hydroxides,  Mossbauer  spectroscopy  and  mapetic  measurements  were  used  for  different 
conditions:  for  the  nitrogen-free  medium  and  for  the  NH-containing  medium.  The  preparations  of 
Azotobacter  vinelandii  obtained  on  the  nitrogren-free  medium  with  decreased  acidity  is 
characterized  by  relatively  high  contents  of  paramapetic  combinations  (;^pj,=(6.6...31.4)XlO"® 
sm^/g,  /sj,=(0.12...0.73)X10"^  at  12  day  cultivations,  ;^p„=(8.1...23.2)X10“®  sm^/g,  /ga, 

= (0.07-0.93)  X 10“^  at  35  day  cultivation).  The  quantity  of  magnetic  ordered  combinations  in  these 
samples  is  greater  than  1.5-7  times  that  in  bacteria  at  pH=7.  The  paramapetic  attributes  of  samples 
in  the  medium  with  NH  is  decreased  more  in  12  day  culture  (up  to  50%  compare  to  nitrogen-free 
variation)  then  in  35  day  culture  (up  to  20%).  the  presence  of  doublets  in  Mossbauer  spectra  at 
different  conditions  (room  temperature  in  damp,  air-dry  states,  and  frozen  at  the  100  K  state)  and 
strong  differences  in  probability  of  sorption  of  Mossbauer  radiation  of  damp  preparations  allow  us 
to  conclude  that  magnetic  ordered  combinations  in  the  type  of  crystallines  with  particle  size  <10  nm 
are  present  in  the  composition  of  preparations.  It  is  found  from  magnetic  measurements  that  at 
pH<7  the  paramagnetic  component  of  susceptibility  and  magnetic  saturation  is  high.  At  pH=7  the 
most  intensive  decrease  of  susceptibility  and  magnetic  saturation  is  medium  with  nitrogen  and  at 
large  aeration. 


Magnetic  properties  of  heterotrophic  bacteria  (abstract) 

Nadezda  V.  Verkhovceva  and  Irina  N.  Glebova 

University  of  Yaroslavl,  Yaroslavl,  Russia 

Anatoly  V.  Romanuk 

Polytechnical  Institute  of  Yaroslavl,  Yaroslavl,  Russia 

The  magnetic  properties  (magnetic  susceptibility  and  saturation  magnetization)  of  six  species  of 
heterotrophic  bacteria  were  studied:  alcaligenes  faecalis  81,  arthrobacter  globiformis  BKM  685, 
bacillus  cereus  8,  leptothrix  pseudo-ochracea  D-405,  proteus  vulgaris  14,  and  seliberia  stellata.  It 
has  been  shown  that  the  magnetic  properties  of  bacteria  depend  on  (1)  the  peculiarity  of  the 
miao-organism  (species-specific  and  connected  with  cultivation  conditions);  (2)  the  source  of  the 
iron  in  the  media.  Most  of  the  bacteria  are  diamagnetic  in  media  with  a  minimum  of  iron 
iXx,=  -f--  ...JX10“®  sm^/g).  The  spore  forming  species  (bacillus  cereus)  has  increased 
diamagnetism.  Usually  the  bacteria  are  paramagnetic  in  iron-containing  media  because  they 
concentrate  into  Fe  compounds.  The  paramagnetism  of  the  iron-concentrating  species  (anthrobacter 
globiformis  -;^pj,=2.4X10”®,  leptothrix  pseudo-ochtracea  11.0X10“®  and  seliberia  stellata 
Xpai=3.2X10”®  sm^/g)  depends,  in  general,  on  magnetically  ordered  compounds.  Iron  compounds 
not  accumulated  by  proteus  vulgaris  and  these  species  are  always  diamagnetic  . 
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Spin^iass  structures  in  biological  systems  (abstract) 
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We  have  discovered  spin-glass  structures  in  different  biological  systems  like  animal  and  plant 
tissues,  cells,  chloroplasts,  mitochondria,  etc.  These  structures  were  detected  by  the  ESR  method. 
This  work  has  been  done  using  a  synchronous  culture  of  yeasts,  saccharomyces  cer.  To  detect 
spin-glass  structures  in  a  biological  system,  the  .sample  must  be  cooled  in  the  presence  of  a  strong 
magnetic  field,  from  77  to  10  K.  After  such  cooling,  we  recorded  the  ESR  signal  at  g  factor  about 
3.0  caused  by  spin-glass  structures.  The  rotation  of  the  sample  at  10  K  relative  to  the  permanent 
magnetic  field  (always  present  in  ESR  experiments)  leads  to  the  significant  change  in  the  intensity 
of  the  ESR  signal  as  well  as  in  its  shape.  The  curve  of  the  dependence  of  the  ESR  signal  intensity 
on  the  magnetic  field  in  which  the  sample  was  cooled  is  S-shaped.  The  cooling  of  the  same  sample 
in  zero  magnetic  field  resulted  in  the  absence  of  the  ESR  signal  at  g=3,0.  It  had  been  shown  that 
the  maximum  ESR  signal  at  g  factor  about  3,0  was  reached  15  min  before  the  beginning  of  mitosis. 
The  study  of  the  properties  of  the  ESR  signal  at  g=3,0  allowed  us  to  make  the  conclusion  that  the 
paramagnetic  centers  respohsible  fbr  this  signal  have  been  formed  by  Fe(ll)  ions  localized  at  the 
chromosomes.  Formed  during  mitosis,  spin-glass  structures  which  play  a  significant  role  in  cell 
biology,  can  be  detected  only  by  the  ESR  method  in  field  coobng  experiments. 


The  testing  of  action  of  chemical  extracts  on  soils  by  magnetic 
methods  (abstract) 

Vyacheslav  F.  Babanin,  Irina  V.  Shpilkina,  and  Alexandr  V.  Ivanov 

Yaroslavl  Polytechnical  Institute,  Yaroslavl,  Russia 

The  participation  of  soil  iron  in  the  formation  of  physics-chemical  features  in  feed  of  plants  and 
microorganisms  is  well  known.  Because  of  the  active  role  of  Fe  in  soil  landscapes  the  Fe  state  is 
taken  into  account  in  investigations  of  the  genesis  of  soils.  In  spite  of  a  relatively  high  content  of 
iron  in  soils  up  to  40%-45%  (relative  to  Fe)  its  numerical  forms  are  diagnosed  in  a  complex  way 
by  Ronthgen  diffractometry,  differential  thermal  analysis,  and  microscopy.  Thus,  chemical  extracts 
are  widely  used  in  soil  science.  Extracted  Fe  is  considered  to  be  of  amorphous,  strong  or  weak 
crystallized  forms.  These  gradations  are  of  wide  use  but  they  are  not  correct.  This  is  established  by 
some  authors  by  means  of  magnetic  measurements  and  Mossbauer  spectroscopy  [Jeanory  et  al,  Sci. 
Solids  135  (1986)]  before  and  after  magnetic  separation  and  chemical  extracts  [Fine  and  Singer,  Soil 
Sci.  Soc.  Am.  J.  53,  191  (1989)].  We  used  the  measurements  of  magnetic  susceptibility  and 
saturation  and  nuclear  gamma  resonance  for  the  usual  soils  and  electron  paramagnetic  resonance  for 
weak  magnetic  Fe  containing  minerals  (before  the  extract).  Our  results  are  comparable  with  the 
above  research  and  lead  to  the  next  conclusions:  (1)  ordered  alternations  of  magnetic  parameters  and 
results  of  action  of  extracts  are  absent;  (2)  the  Mehra-Jackson  extract  (sometimes  the  Tamm’s 
extract)  often  extracts  the  crystallized  magneticordered  and  paramagnetic  silicate  and 
superparamagnetic  forms  of  Fe;  (3)  magnetic  susceptibility  and  magnetic  saturation  increase  in 
some  types  of  soils  (brown  earth,  fenalsol,  alluvial  soil)  at  dissolution  of  the  alumosilicate  part  of 
soils  because  of  enrichment  by  chemically  strong  particles  of  magnetite;  (4)  the  conclusions  on 
extracts  (as  far  as  crystallized  silicate  amorphous  forms)  do  not  have  generalized  characteristics. 
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The  magnetic  diagnostics  of  cosmic  and  industriai  siit  in  humus  horizons 
of  soiis  (abstract) 

Vyacheslav  F.  Babanin  and  Irina  V.  Shpikina 

Polytechnical  Institute,  Yaroslavl,  Russia 

Sergei  A.  Shoba 

Lomonosov  University,  Moscow 

Alexander  V.  Ivanov 

Polytechnical  Institute,  Yaroslavl,  Russia 

In  the  early  50s  the  increase  of  magnetic  susceptibility  in  head  horizons  of  soils  has  been  observed. 

The  reason  was  accepted  to  be  forest  and  steppe  fire.  Later  we  discovered  that  the  increasing  of 
susceptibility  and  magnetic  saturation  was  observed  more  clearly  in  the  soils  developed  on  weak 
magnetic  native  rock  (loam,  carbonate)  and  the  magnetic  fraction  was  separated  from  these  soils  in 
a  more  simple  fashion.  An  abnormal  increase  in  magnetic  parameters  is  observed  in  primitive  soils 
and  the  debris  layer  of  dry  forest  (particularly  of  pine  forest).  The  investigations  have  shown  that 
magnetic  particles  (MP)  are  contained  in  ash  of  electrostations,  in  buried  and  modem  soils,  in 
humocoll  and  coal  sheets,  and  in  air  of  industrial  cities  and  of  the  country.  A  high  magnetic 
separated  fraction  (MV)  contains  particles  (P)  that  differ  by  morphology  and  color.  MF  of  soils  is 
separated  in  a  difficult  manner  from  the  rest  mass  (it  also  contains  a-Fe,  magnetite,  hematite)  and 
is  contaminated  by  magnetic  particles  from  native  rock.  We  obtained  that  only  spherical  particles 
contribute  to  the  soil  magnetism  from  (10...50)X10"®  sm^/g  to  (100...150)X10~®  smVg.  MP  come 
into  modem  soils  from  all  sources.  Magnetic  particles  are  well  conserved  in  automorphic  and 
nonlogging  buried  soils,  and  in  humocoll  layers.  Among  humocoll  layers  investigated  by  us  there 
were  layers  dating  over  50  thousand  years  ago. 
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Dislocation  etching  of  flux  grown  strontium  hexaferrite  single  crystals 
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Hexagonal  hard  ferrites  like  SrFei20i9  are  technically  interesting  materials  not  only  because  they 
are  the  traditional  permanent  magnets  but  also  as  emerging  magnetic  recording  media  and  as 
potential  magneto-optic  devices.  For  these  reasons  the  study  of  dislocations  in  these  samples  is  quite 
significant.  Flux  grown  single  crystals  of  SrFej20i9  are  etched  in  37%  HNO3  at  100  °C  and  85% 

H3P4  at  120  °C.  These  two  etchants  produce  hexagonal  pits  on  (001)  planes  that  are  established  as 
dislocation  etchants  by  performing  the  following  experiments:  (1)  successive  etching  for  prolonged 
periods  resulting  in  persistent  point  bottomed  etch  pits  at  all  the  stages;  (2)  etching  of  matched 
(0001)  cleavages  in  similar,  as  well  as  dissimilar,  etchants  which  produce  1:1  conesponding  point 
bottomed  etch  pits  on  a  pair  of  the  matched  cleavages;  (3)  etching  of  low  angle  grain  boundaries 
which  consist  of  a  grid  of  equally  spaced  edge  dislocations.  An  equally  spaced  row  of  etch  pits  is 
obtained  along  the  grain  boundaries.  Hexagonal  etch  pits  with  smooth  sloping  planes  are  normally 
produced.  Among  such  pits,  unusual  etch  pattern  features  including  pits  with  rythmically  and 
irrythmically  spaced  terracings,  eccentric  pits,  small  point  bottomed  pits  within  a  large  fiat  bottomed 
pit  with  differing  geometrical  centers,  and  flat  bottomed  pits  with  beaked  centers,  are  obtained. 

Unusual  deviations  from  the  perfect  match  of  etch  patterns  on  certain  matched  (0001)  cleavages  are 
examined  critically.  It  is  thought  that  these  unusual  etch  patterns  are  due  to  bending,  branching,  and 
stepping  of  dislocations.  The  terracing  of  pits  is  attributed  to  the  segregation  of  impurities  along 
dislocation  lines. 
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Dipole-dipole  interactions  in  KEr(Mo04)2  (abstract) 
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The  model  of  a  dipole-dipole  magnet  previously  developed**^  has  applied  to  a  KEr(Mo04)2  crystal 
with  two  paramagnetic  ions  in  an  orthorhombic  unit  cell.  The  erbium  ion  in  the  compound  has  a 
large  anisotropy  of  an  effective  g  tensor  which,  in  turn,  leads  to  Ising-like  behavior  in  the  magnetic 
subsystem.  As  had  been  done  earlier,^  we  had  calculated  the  dipole  configuration  with  the  lowest 
energy,  thus  obtaining  the  ground-state  structure  that  would  appear  at  the  magnetic  phase  transition. 
This  dipole  structure  consists  of  ferromagnetic  chains  aligned  along  the  c  axis  and 
antiferromapetically  coupled  along  a  and  b  axes.  The  results  were  compared  with  recently  done 
measurements  of  mapetic  moment  and  low-temperature  magnetic  susceptibility.^  Calculated  dipole 
pound  energy  E  min=- 1.325  K  is  in  reasonable  apeement  with  the  experimental  value  of  T„=0.9 
K.  The  obtained  easy-axis  direction  along  the  c  axis  also  agreed  with  experiment.  The  phase 
transition  observed  in  crystal  at  H\c  in  our  model  results  in  a  transition  to  a  ferromapetic  structure 
with  //ct=700  Oe.  The  last  agreed  with  measured  //c=800  Oe  so  one  should  conclude  that  a  pure 
dipole  model  could  well  describe  the  main  features  of  KEr(Mo04)2.  At  the  same  time  our  model 
could  not  explain  the  other  phase  transition  that  took  place  at  H=1.5  kOe(//||a).  To  understand  this 
transition  one  probably  should  also  consider  a  small  anisotropic  exchange  interaction. 


'J.  M.  Luttinger  and  L.  Tisza,  Phys.  Rev,  70,  954  (1946). 

^T.  Nimeyer,  Phys.  57,  281  (1972). 

^E.  N.  Khatsko  et  at.,  Proceedings  of  the  18th  Conference  on  Magnetism, 
1988,  p.  714. 


Database  of  magnetochemistry  in  solutions  (abstract) 

0.  Ju.  Tarasov  and  A.  G.  Vinogradov 

Chemical  Faculty,  Kazan  University,  Kazan  420008,  Russia 

The  database  (DB)  of  magnetochemistry  in  solutions  was  created  to  systematize  and  to  critically 
review  data  of  the  magnetic  susceptibility  of  liquids,  solutions,  and  substances  in  solutions.  The 
database  “MagChemSol  1.0”  was  made  on  a  mfoxplus  base  and  may  be  supported  by  DBASElll 
PLUS  or  higher.  Search  fields  include  substances,  solvent,  condition  and  method  of  investigation, 
critical  mapetochemistry  characteristics,  and  references  to  literature.  All  material  is  printable  and 
the  database  can  change  and  expand  itself.  System  requirements  include  IBM  PC  or  compatible  with 
640  Kb  of  RAM,  5  in.  and  3  in.  diskette  drive  or  hard-disk,  and  DOS  3.30  or  higher;  printers  are 
Epson  or  compatible.  The  DB  “MagChemSol  1.0”  version  includes  about  1000  data  entries 
according  to  the  magnetochemical  properties,  the  majority  solvents  in  general  use  some  diamagnetic 
and  paramagnetic  salts,  and  also  the  complex  compounds  of  d  and  /  elements  in  the  solutions. 
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The  magnetodynamic  filters  in  monitoring  the  contaminants  from  polluted 
water  systems  (abstract) 

R.  Swarur  'nd  Bharat  Singh®^ 

Department Physics,  D.  S.  College,  Aligarh  202001  U.  R,  India 

The  magnetic  interaction  seems  to  influence  the  “structural  memory”  of  water  systems  which  is 
quenched  in  ideally  pure  water.  The  sedentary  lifetime  of  each  water  molecule  is  extremely  short 
(10" s)  and  its  molecular  strucUnes  may  be  influenced  by  some  physical  effect  like  magnetic  field 
treatment,  it’s  space  time  gradients,  water  velocity,  pressure  drop,  etc.  in  the  interpolar  space,  so  as 
to  yield  a  noticeable  temporal  magnetopotential  development  characterizing  the  properties  of 
homogeneous  and  heterogeneous  water  systems.  This  principle  is  also  extended  to  prevailing  water 
systems  which  always  contain  various  impurities,  gas,  molecules,  ions,  microscopic  particles  in 
random  order.  Still  the  existence  of  structural  memory  may  be  verified  by  reliable  experimental  data. 

The  magnetopotential  curves  of  different  water  systems  depict  the  design  and  develop-software 
package  for  constructing  the  magnetodynamic-filters  superior  to  the  existing  techniques  on  pollution 
studies  like  remote  sensing,  muon  spin  resonance,  laser  spectroscopy,  nuclear  techniques,  the 
gamma  ray  peak  efficiency  method,  trace  elemental  characterization  due  to  N6S,  neutron  activation 
analysis,  and  graphite  fumance  atomic  absorption  spectrometer.  The  physiochemical  characteristics 
of  water  calibrated  in  terms  of  magnetopotential  curves  change  with  the  removal  of  dissolved 
gasses,  impurities,  thermal  activation,  etc.  and  the  algae,  bacteria,  phosphates,  etc.  have  been 
removed  at  a  rapid  rate.  The  magnetodynamic  study  of  ganga  water  proves  it  to  be  an  extremely 
pure  and  highly  resourced  fluid. 


•’Present  address:  Dept,  of  Electronic  Science,  Univ.  of  Delhi  South  Cam¬ 
pus,  New  Delhi-110021,  India. 
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Journal  of  Vacuum  Science  and  Technology  B  •  Gary  E  McGuire,  Editor,  MCNC,  Research  Triangle  Park.  NC  27709 

Medial  Physia  •  J  S  Laughlin,  Editor,  Memorial  Sloan-Kcttering  Cancer  Center.  1275  York  Ave ,  New  Yak.  NY  10021 

Noise  Control  Engineering  Journal  -  Alan  H  Marsh,  Editor-In-Chief,  DyTec  Engineering,  Inc .  5092  Thsman  Dr..  Huntington  Beach,  CA  92649 

Powder  Diffraaion  •  Dane  K.  Smith,  Editor-In-Chief  Dept  of  Geosci  and  Mineralogy,  Penn  State  Univ.,  University  Paik,  PA  16802 

AAPT  Announar  •  Bernard  V  Khoury,  Editor,  AAPT,  One  Physia  Ellipse,  College  Park,  MD  20740-3845 

The  Physia  Teacher  •  Gifford  E  Swartz,  Editor,  Pbys.  Dept .  State  University  of  New  York,  Stony  Brook,  NY  11794 
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